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 1 
ABSTRACT 
 
Cane toads (Rhinella marina) are native to warm humid landscapes of Central and South 
America, but have been translocated as a biological control agent to locations such as 
Puerto Rico, Hawai’i and Australia. In Australia, toads were released in northeastern 
Queensland in 1935 and have since dispersed widely across the tropics and subtropics, at 
an increasingly rapid rate. That geographic spread has exposed colonizing populations of 
toads to climatic conditions well outside those experienced within the native (American) 
range, with many Australian sites hotter and seasonally drier than those in which the 
species evolved. 
I investigated the impacts of temperature and hydration on aspects of dispersal 
behaviour of toads, as well as a suite of physiological traits, to clarify the ways in which 
toads may have changed as a result of encountering novel environments within their 
invaded range. In order to do this, I compared populations within the native range (Brazil) 
to populations introduced to Hawai’i and Australia. Major geographic differences were 
apparent in most traits that I studied. 
The locomotor performance of Australian toads surpassed that of native-range toads. 
When stimulated to run at high or low temperatures, or when dehydrated, Australian toads 
exhibited greater endurance than either Brazilian or Hawai’ian toads; toads from the 
southeastern invasion front in Australia were especially competent in this respect. To tease 
apart the roles of phenotypic plasticity versus adaptation in generating that geographic 
divergence, I tested toads raised in standard conditions in captivity. The parents of those 
“common garden” toads were collected from long-established populations of Queensland 
and from the western invasion front of Western Australia. Even when raised under the 
same conditions, toads whose parents were collected from the climatic challenging area of 
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Western Australia (very high temperatures and long periods of dehydration) exhibited 
better locomotor performance than the offspring of Queensland toads. Measures of rates of 
evaporative water loss, skin resistance and rehydration showed that toads from eastern 
Australia had higher skin resistance to water loss whereas Brazilian toads had faster 
rehydration rates, suggesting a shift in water balance strategy after toads were introduced 
to Australia. 
Toads exposed to extreme heat or desiccation exhibit an acute-stress response, that 
again differed among toads from the above-mentioned populations. Brazilian toads 
exhibited higher levels of corticosterone (the “stress hormone”) in all test conditions than 
did Australian toads – especially at low temperatures. Also, the native-range animals had 
higher levels of expression of heat-shock protein 70 (a class of chaperone responsible for 
protective measures in stress situations) than did conspecifics from invasive populations, a 
difference especially pronounced at high temperatures. 
Histological examination of the physical structure of toad skin showed that Australian 
toads have thinner skin, both ventrally and dorsally, than do native-range conspecifics. 
Laboratory trials revealed differences in heating rate among toads from different 
Australian populations: under standard conditions, toads from Townsville heated faster 
than toads from northwestern populations, especially when deprived of water. I suggest 
that toads in Australia use evaporation to withstand extremely high temperatures, and that 
the reduced skin thickness of toads in Australia (compared to the ancestral condition) may 
have evolved for this thermal function.  
In combination, my studies clarify some of the mechanisms that have allowed cane 
toads to colonize diverse areas that impose climatic challenges not present within the 
species’ native range. 
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CHAPTER 1: General Introduction 
 
The invasion of introduced species has occurred in every part of the world, and has 
included an immense variety of animal and plant species (Elton, 1959). An invasive 
species is defined as “… an exotic species that threatens ecosystems, habitats or species” 
(Convention of Biological Diversity, 2008). The major concern with the situation is the 
ecological consequences of introduced species to the local biotic community. Features that 
predict if an introduced species will become invasive include its plasticity, generalised 
ecology, fecundity, and size of the offspring (Blackburn & Duncan, 2001; Kolar & Lodge, 
2001). Aspects of the recipient ecosystem also determine vulnerability to invader 
establishment, as mediated by factors such as habitat fragmentation effects, levels of 
disturbance, bioclimatic differences from the site of origin of the introduced species, and 
the presence of potential predators and competitors (Bomford et al., 2009; Perrings et al., 
2010; Zerebecki & Sorte, 2011; Vitt & Caldwell, 2013). 
Invasive species can inflict both direct and indirect impacts on the invaded system. 
Invasive competitors and predators affect the communities not only directly, through 
exploitation of the same resources used by local fauna and through predation, but also 
indirectly, by influencing the behaviour and population dynamics of species within the 
recipient ecosystem (Williamson, 1996; Altieri et al., 2010; Sih et al., 2010; Shine, 2010). 
Invasive species are a major cause of biodiversity loss (Glowka et al., 1994; Mack et al., 
2000; Gibbon et al., 2000; Pimentel et al., 2000; Clavero et al., 2009; Pimentel, 2014). 
The native range of the cane toad Rhinella marina is primarily in Central and South 
America, ranging from north-eastern Mexico to southern Brazil (Zug & Zug, 1979), but the 
species also extends from the Lower Valley in southern Texas (USA) to southern Sonora 
(Mexico) (Frost, 2013). This range includes tropical lowlands in Mexico and Central 
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America, to the west coast of Ecuador and north-western Peru, and from east of the Andes 
to the Amazon in tropical South America (central Brazil and Peruvian and Bolivian 
Amazon) (Frost, 2013). The species was deliberately introduced to Cayenne, Martinique 
and Barbados islands (before 1844), Jamaica (1844), Bermuda (1855), Puerto Rico (1920), 
continental United States (Texas, Louisiana and Florida, 1932-1936), Hawai’i (1932), 
Filipinas (1934), Australia (1935), Micronesia (1937), Papua New Guinea (1937), Taiwan 
(1938), Japan and several other countries (Easteal, 1981). 
The introduction of R. marina to Australia in 1935 has been documented in detail 
(Lever, 2001; Turvey, 2013; Shine, 2018). Within Australia, 101 individuals were brought 
from Hawai’i, and thousands of progeny from those individuals were released in areas of 
northeast Queensland that were used for growing commercial sugar-cane crops. The initial 
intention was to use R. marina as a biological control agent against beetles whose larvae 
were consuming the roots of sugar-cane (Mungomery, 1936; Sabath et al., 1981). The 
political power of the sugar-cane industry drowned out expressions of concern that the 
species might have deleterious ecological impacts on native fauna (Froggatt, 1936; 
Kinghorn, 1938). In time, the detrimental impacts and expanding range of cane toads 
attracted increasing scientific attention (e.g., Covacevich & Archer, 1975; van Beurden & 
Grigg, 1980; Sabath et al., 1981; Easteal et al., 1985; Sutherst et al., 1996). Some studies 
reported sharp population decline in some species (Crossland, 2000; Phillips et al., 2003; 
Webb et al., 2005; Crossland et al., 2008; Price-Rees et al., 2010; Pearson et al., 2014) that 
were found to have been negatively impacted by cane toads, either through predation by 
toads, or through fatal ingestion due to preying on toads. However, more recent studies 
often have concluded that the impact of cane toad invasion might not be as widespread or 
long-lasting as was originally thought (Phillips & Shine, 2006; Webb et al., 2008; 
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Greenlees et al., 2010; Webb et al., 2011; Brown et al., 2011; Beckmann et al., 2011; Jolly 
et al., 2016).  
Like most highly invasive species, R. marina has a high dispersive potential. Rates of 
expansion of the invasion front exhibit great heterogeneity across the Australian range, 
with a rapid acceleration in dispersal rate in more recent years (Urban et al., 2008). 
Although the species initially spread through Queensland at around 10 to 15 km per year, 
the average rate of range expansion of the species within northwestern Australia now 
averages around 55 km per year (Phillips et al., 2007; Shine et al., 2018). That acceleration 
has been accompanied by significant changes in many aspects of toad phenotypes, 
including morphology, behaviour, life-history and physiology (Phillips et al., 2006; 
Phillips, 2009; Hudson et al., 2016a,b; Gruber et al., 2017a,b; Hudson et al., 2017; Gruber 
et al., 2018a,b; Hudson et al., 2018). Actual rates of range expansion vary strongly among 
years, depending on factors such as the extent of wet-season rainfall and the nature of the 
habitat (e.g., availability of waterbodies for hydration and open linear corridors for 
dispersal: Brown et al., 2006; Urban et al., 2008; Pizzatto et al., 2017). 
The spread of the cane toad through Australia has taken it from relatively equable 
(cool, moist) environments in the east to hotter and seasonally arid environments in the 
west (Tingley et al., 2012). Despite its origins in an area where climatic conditions allow 
year-round activity, and do not expose the animals to extreme values of either heat or 
dryness, the species has spread successfully into semiarid regions in tropical Australia. My 
thesis explores the physiological changes that have accompanied the toad’s invasion into 
inhospitable areas of Australia, and in particular the ways in which limiting abiotic factors 
(temperature, water balance) constrain locomotor performance of the invasive anuran.  
Comparing native populations to ones within the invasive range, and assessing the 
responses of those populations to abiotic conditions, can clarify the direction and degree of 
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shifts in organismal performance that facilitate the invader’s success in environments very 
different from those in which the species evolved (Blackburn & Duncan, 2001; Kolbe et 
al., 2014; Baldanzi et al., 2015). The physiological traits of an organism – the combination 
of processes responsible for maintaining homeostasis – need to respond to internal and 
external conditions (Hills et al., 2004; Vitt & Caldwell, 2013). This response can be short-
term (induced by a sudden change in conditions) or long-term (if the novel challenges are 
more consistent and enduring); the latter process can lead to adaptation, and hence 
evolution. The features that allow the species to expand into abiotically challenging 
environments thus might result either from phenotypic plasticity, or from adaptive (i.e., 
genetically or epigenetically-based) processes. My thesis focuses primarily on comparisons 
among field-collected animals from different parts of the cane toad’s geographic range, 
and hence cannot discriminate between changes induced by plasticity versus adaptation; 
but I look briefly (in Chapter 3) at this issue as well.  
Chapter 2 documents increased locomotor performance of Australian toads compared 
to Hawai’ian and Brazilian toads. That shift is consistent with the idea that toads have been 
exposed to challenging climatic conditions during their Australian invasion, and as a result 
have developed the ability to perform effectively under a wider range of abiotic conditions 
than was the case in the native range. 
Chapter 3 explores the proximate basis of this change in locomotor performance, by 
comparing the captive-raised offspring of toads collected from different populations within 
Australia. If traits that generate enhanced locomotor performance are heritable, we should 
see geographic differences in such traits even if offspring are raised in a common-garden 
setting.  
Chapter 4 examines aspects of water balance of cane toads across their distribution in 
the native range and invasive range. Given the diversity of environmental challenges in 
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those regions, I predicted that toads would exhibit different water-balance strategies, 
consistent with local environmental conditions. 
Chapter 5 explores markers of the acute stress response in cane toads from different 
populations. If toads rapidly adapt to local conditions, we expect that toads from more 
extreme climatic conditions would evolve milder stress responses (because without that 
downregulation, such a toad would constantly be manifesting extreme physiological 
stress). 
Chapter 6 assesses the role of integumentary structure in the invasion processes. With 
dispersal to areas that pose novel climatic challenges, we might expect to see changes in 
the structure of the skin (an important hydroregulatory barrier).  
Chapter 7 explores the hypothesis that cane toads utilise water loss across the skin as 
a way to enhance evaporative cooling in hot conditions. To investigate this idea, I exposed 
toads from different populations to hot conditions in the presence or absence of a water 
source. 
The chapters of this thesis are presented as a combination of published, submitted and 
about-to-be-submitted manuscripts. Thus, some level of overlap and redundancy is 
inevitable.  
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CHAPTER 2: Locomotor performance of cane toads differs 
between native-range and invasive populations 
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Abstract 
 
Invasive species provide a robust opportunity to evaluate how animals deal with novel 
environmental challenges. Shifts in locomotor performance – and thus the ability to 
disperse – (and especially, the degree to which it is constrained by thermal and hydric 
extremes) are of special importance, because they might affect the rate that an invader can 
spread. We studied cane toads (Rhinella marina) across a broad geographic range: two 
populations within the species’ native range in Brazil, two invasive populations on the 
island of Hawai’i, and eight invasive populations encompassing the eastern, western and 
southern limits of the toad invasion in Australia. A toad’s locomotor performance on a 
circular raceway was strongly affected by both its temperature and its hydration state, but 
the nature and magnitude of those constraints differed across populations. In their native 
range, cane toads exhibited relatively low performance (even under optimal test 
conditions) and a rapid decrease in performance at lower temperatures and hydration 
levels. At the other extreme, performance was high in toads from southern Australia, and 
virtually unaffected by desiccation. Hawai’ian toads broadly resembled their Brazilian 
conspecifics, plausibly reflecting similar climatic conditions. The invasion of Australia has 
been accompanied by a dramatic enhancement in the toads’ locomotor abilities, and (in 
some populations) by an ability to maintain locomotor performance even when the animal 
is cold and/or dehydrated. The geographic divergences in performance among cane toad 
populations graphically attest to the adaptability of invasive species in the face of novel 
abiotic challenges. 
 
Key words: Bufo marinus | dehydration | introduced species | locomotion | temperature  
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Significance. Many of the most critical current challenges in conservation biology involve 
predicting a species’ ability to spread into hitherto-unoccupied areas that present novel 
challenges. For example, that issue is central to predicting an invader’s ultimate spread, 
and the ability of a native species to respond to climate change by altering its distribution. 
The models used to make those predictions traditionally are calculated using information 
on individuals from a single population – and for invasive species, individuals from the 
native range. If range expansion elicits rapid shifts in the traits that confer ability to survive 
in novel environments, such predictive models may be grossly in error. Our study on 
invasive cane toads indicates that the species’ tolerance of hydric and thermal extremes has 
shifted dramatically within 80 years (since their introduction to Australia). Our data 
challenge the widespread assumption that we can rely upon ancestral trait values to predict 
organismal responses to rapid range expansion.  
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Introduction 
 
Environmental conditions drive much of the variation in organismal performance, at a 
variety of ecological and evolutionary timescales. At one extreme, abiotic factors directly 
constrain the performance of individuals (Putnam & Bennett, 1981; Hertz et al., 1982; 
Paladino, 1985; Else & Bennett, 1987; Adams et al., 1989; Weinstein, 1998; Claussen et 
al., 2000; Angilletta et al., 2002; Medina et al., 2011); and at the other extreme, thermal 
and hydric conditions can act as selective forces on performance capabilities of a 
population and, ultimately, a species (Huey & Kingsolver, 1989; Hoffmann & Merilä, 
1999; Angilletta et al., 2003, 2004; Ezard et al., 2011). At intermediate timescales, 
physiological acclimation can adjust the immediate impact of abiotic variation on 
performance (Feder, 1978; Hutchison & Maness, 1979; Londos & Brooks, 1988; 
Kaufmann & Bennett, 1989; Wilson et al., 2000; McCann et al., 2014). While acclimation 
of individuals usually occurs only over the range of conditions likely to be encountered by 
a population, sustained exposure to novel environmental challenges can favour 
evolutionary changes that extend the range of conditions over which an organism can 
operate successfully (Huey & Kingsolver, 1989; Hoffmann & Merilä, 1999; Angilletta et 
al., 2003; Ezard et al., 2011). 
Many environments worldwide are experiencing rapid changes in thermal and hydric 
conditions, and such changes look set to continue at an increasing pace (Urban, 2015). Will 
existing adaptations to ancestral climates prevent organisms from functioning effectively in 
shifting abiotic conditions? Invasive species provide an ideal opportunity to answer that 
question for two reasons. The first reason is that introduced populations are subjected to 
environmental conditions very different from those experienced in the native range. That 
difference allows us to investigate the rate at which a novel selective pressure or direct 
environmental influence can modify ancestral performance traits. In performance traits that 
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are simultaneously affected by multiple abiotic factors (e.g., temperature and moisture), 
comparisons between native-range and invasive populations also can clarify the degree to 
which correlated responses to multiple constraints can be teased apart by plasticity or 
evolution. The short and well-documented timeframes of many invasions, coupled with a 
capacity for behavioural and physiological flexibility and rapid evolutionary change in 
many introduced taxa (Easteal, 1981; Sabath et al., 1981; Freeland & Martin, 1985; Easteal 
et al., 1985; Lever, 2001), allow us to compare closely-related organisms that are exposed 
to very different challenges (Tingley & Shine, 2011; Tingley et al., 2012). Second, 
locomotor performance is a central determinant of dispersal rate, a trait that can evolve 
very rapidly within invasive populations (Phillips et al., 2006; Chuang & Peterson, 2015). 
How quickly an animal moves through its environment, and how well it can withstand 
climatic extremes while doing so, can directly influence an invasive species’ dispersal rate 
and thus, its distribution. For an invader moving into a novel climate, a high level of 
performance under ancestral conditions is not enough; it must also be able to perform in 
the newly-encountered conditions (Seebacher & Alford, 2002; Seebacher & Franklin, 
2011).  
Locomotor ability of anurans is well-suited to analyses of these questions, because an 
anuran’s ability to disperse may depend both upon its temperature and its hydration state 
(Beauchat et al., 1984; Preest & Pough, 1989; Weinstein, 1998; Claussen et al., 2000; 
Seebacher & Alford, 2002; Walvoord, 2003; Titon et al., 2010; Mitchell & Bergmann, 
2016). To understand how local environments constrain locomotor performance in such an 
animal, we thus need to take our measurements under a range of abiotic conditions (Titon 
et al., 2010). To understand how adaptation and/or developmental plasticity have modified 
those norms of reaction, we can compare animals that have been subjected to different 
selective pressures and environmental experiences (Titon et al., 2010). 
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Cane toads (Rhinella marina; formerly Bufo marinus) are large bufonid anurans native 
to relatively hot, wet areas of Central and South America (Zug & Zug, 1979). In the early 
part of the twentieth century the species was introduced to more than 40 countries around 
the world, in a misguided attempt at biological control of insect pests (Zug & Zug, 1979; 
Easteal, 1981; Sabath et al., 1981; Freeland & Martin, 1985; Easteal et al., 1985; Lever, 
2001). Some of those recipient countries have climates similar to those within the toads’ 
native range, but others pose novel thermal and hydric challenges. Notably, the toads’ 
invasion across tropical Australia has exposed it to climates much drier and hotter than 
occur within its native range (Reynolds & Christian, 2009; Phillips et al., 2010; Newell, 
2011; Tingley & Shine, 2011; Tracy et al., 2011; Tingley et al., 2012). Given that anuran 
locomotor performance is constrained both by temperature and by moisture (Tingley & 
Shine, 2011; Tingley et al., 2012), how has the toads’ invasion of novel climatic zones 
affected the sensitivity of its locomotor ability to thermal and hydric conditions? 
Specifically, has the cane toad’s invasion of Australian areas with harsh climates been 
accompanied by an enhanced tolerance of hot and desiccating conditions? 
 
 
Materials and Methods 
 
Study Species 
Cane toads (Rhinella marina) are large (exceptionally, to >1 kg) “true toads” (family 
Bufonidae) (Lever, 2001). The species’ native range extends from Mexico and southern 
Texas through an extensive area of Central and South America (Zug & Zug, 1979; Easteal, 
1981; Lever, 2001). Adult cane toads are heavyset terrestrial anurans that feed on a 
diversity of invertebrate and small vertebrate prey (Zug & Zug, 1979; Lever, 2001). The 
 20 
toads’ large body sizes and prodigious appetites encouraged commercial sugar-cane 
growers to import toads to control insect pests in plantations in Puerto Rico; and from 
there, 150 toads were translocated to Hawai’i in 1932 and released in sugar-cane fields 
(Easteal, 1981; Turvey, 2013). Toads are still common on the major Hawai’ian islands, 
where the animals are relatively sedentary (Ward-Fear et al., 2016). 
The 101 descendants of the Hawai’ian immigrants were collected in 1935 and shipped 
to northeastern Australia, where thousands of their progeny were released along the 
Queensland coast (Easteal, 1981). The anurans have since spread widely through tropical 
and subtropical regions of Australia, inflicting major impacts on populations of anuran-
eating predators (Sabath et al., 1981; Easteal et al., 1985; Freeland & Martin, 1985). In 
Australia, cane toads thrive not only in well-watered regions of coastal northeastern 
Australia, but also in severely arid regions (Tingley et al., 2012; Feit et al., 2015). In recent 
years toads have also invaded cold montane regions of southeastern Australia (Newell, 
2011; McCann et al., 2014). Dispersal rates are dramatically higher for individuals at the 
(western) invasion front than in individuals from range-core areas of eastern Australia 
(Phillips et al., 2006; Alford et al., 2009). Analyses of climatic correlates of cane toad 
distributions led Tingley et al. (2014) to conclude that cane toads occupy a wider range of 
climatic conditions in Australia than in their native range. 
 
Sampling Locations 
We collected adult toads (both males and females, ranging from 50 to 300 g) from 
locations in their native range (Brazil), in Hawai’i, and in Australia. All toads were 
collected by hand at night, placed in damp cloth bags, and kept in a moist, cool 
environment to reduce stress. Following capture, toads were transported to local laboratory 
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facilities for the experiments. All toads collected were tested, and sample numbers are 
detailed in Table 1. 
Toads from the native range were collected in Manaus, Amazonas (AM) and Alter do 
Chão, Pará (PA) in Brazil. Fieldwork occurred during January and February 2015, a warm 
and wet time of year. 
During June and July 2015 we collected toads on the island of Hawai’i (HI, United 
States of America [USA]), from sites in the extreme east (Hilo) and extreme west (Kailua-
Kona) of the island. The eastern (windward) side is humid and warm, whereas the western 
(leeward) side is much drier, due to a rainshadow effect coupled with highly porous 
volcanic soils (Ward-Fear et al., 2016). Cane toads are broadly distributed through the 
landscape on the (wetter) eastern side of the island, but largely restricted to 
anthropogenically-watered sites (golf courses) on the drier western side (Ward-Fear et al., 
2016).  
In Australia, we collected toads from eight sites. Two sites in Western Australia (WA: 
Oombulgurri, Kununurra) were in the extreme west of the species’ range, close to the 
invasion front (<2 years post-colonization). The climate is hot year-round, and seasonally 
arid. Another two sites were in the Northern Territory (NT: Katherine, Leaning Tree 
Lagoon) in an area exposed to a similar but less harsh climate than that encountered further 
to the west. Our two Queensland sites (QLD: Townsville, Charters Towers) experience 
moister conditions year-round. Lastly, our two sites in New South Wales (NSW: Brooms 
Head and Tabbimoble) are close to the current southeastern invasion front, and experience 
cooler (but generally moist) conditions (see Table 1 for details of site locations, invasion 
history, climatic conditions, and sample sizes). Climatic data were sourced from Climate-
Data.org (2016). 
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Husbandry and Experimental Methods 
After capture, toads were allowed to acclimate in laboratory conditions for at least two 
weeks. During acclimation (and between trials), we fed the anurans crickets and 
mealworms, and provided ad libitum access to water and shelter. The room was set to 
25°C, with a 12:12 h light cycle. Prior to their first locomotor trials, we maintained the 
toads at the test temperature for a minimum of 2 h, during which time we kept them in 
water to ensure full hydration. We emptied the toads’ bladders by gently applying pressure 
to the abdomen, and then encouraged them to run along a circular wooden track inside a 
temperature-controlled room, and stimulated them to keep moving by gentle pokes to their 
urostyles if needed. The trial continued for 10 min. We recorded the number of laps, plus 
additional distance on the uncompleted final lap for each individual. Because all trials were 
the same duration, we used total distance travelled as our index of locomotor performance. 
To correct for size variation among toads (snout-vent lengths [SVL] ranged from 85.6 to 
183.9 mm), we expressed distances in terms of body lengths travelled during a trial as the 
dependent variable in our statistical analyses – we will refer to this variable as 
“performance”. 
After the initial trials, we placed toads in desiccating conditions (exposed to a flow of 
dry air), and allowed them to dehydrate overnight until they lost 10% of their initial (fully 
hydrated, empty bladder) body mass. Toads were not placed in a chamber, but rather 
stayed overnight in mesh containers, inside the temperature-controlled room at 25°C and 
with an airflow provided by the room’s airconditioning system and fans. This allowed for a 
slower, gentler, more natural water loss than in wind tunnels/chambers. All further 
desiccation processes occurred in this same manner, regardless of the temperature being 
tested during the locomotor performance. We repeated the locomotor test protocol over the 
following days to measure locomotor performance of toads at 90, 80 and 70% of their body 
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mass. After the final trials, we placed toads back into water (at room temperature) to allow 
full recovery. Each toad was tested at 15°C, 25°C and 35°C (except for Hawai’ian toads, in 
which case only 25°C and 35°C trials were performed because we were unable to maintain 
low temperatures in our test facilities in Hawai’i). We tested all animals at 25°C first, 
because it was the temperature of acclimation and close to the natural environmental 
temperature (i.e., it allowed us to establish a baseline performance). Following that, we 
tested each animal at 15°C, and lastly at 35°C.  
 
Statistical Analyses 
Using the open-access software R Studio Version 0.99.893 (R Core Team, 2013), we used 
linear mixed models (package lmer) to evaluate the fixed effects of test conditions 
(temperature and hydration level) and location on the toads’ locomotor performance. We 
included individual ID# as a random factor in the analyses to accommodate multiple 
measures taken from individual toads. Collection site and country were combined as 
groups (per state for Australian toads, and per country for Hawai’ian and Brazilian toads). 
We treated test temperature and desiccation level as three-level and four-level categorical 
variables respectively.  
We ran three sets of analyses. First, we combined data from all toads to quantify 
overall patterns of the influence of the two categorical variables (test temperature and 
dehydration level) on locomotor performance. Next, we included country of origin (Brazil, 
United States of America, Australia) as an additional fixed factor, to compare locomotor 
responses to environmental conditions at this broad level. Lastly, we restricted the data set 
to Australian toads only, and included state of origin (QLD, NSW, NT, WA) as a fixed 
effect, to look in more detail at the divergence in locomotor traits over the 80-year history 
of toad invasion in this continent. Residuals from all analyses conformed to assumptions of 
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normality and homoscedastic variances. The data used in these analyses were deposited at 
Dryad Digital Repository (Kosmala et al., 2017).  
 
 
Results 
 
Overall Effects of Temperature and Hydration on Locomotor Performance of Toads 
We combined data from all populations to explore overall impacts of temperature and 
hydration on locomotor performance. Toads exhibited wide variation in locomotor ability, 
as a function of test conditions as well as traits of toads (total distance travelled ranged 
from 30 to 18,560 cm over the 10-min test). ANOVA on the combined data showed that a 
toad’s locomotor performance was affected by a significant interaction between its 
temperature and its hydration level (F6,1955 = 30.39, P < 0.001; Figure 1; see also Table S9). 
Thus the effect of hydration on locomotion depended on the temperature. At all tested 
temperatures, there was a steep decrease in locomotion when toads were dehydrated below 
80%. However, in the lowest test temperature (15°C) locomotor performance was 
significantly better at 80% hydration and remained stable at higher levels (90%, 100%), 
while at higher test temperatures (25°C, 35°C), performance was significantly lower at 
100% hydration than at 80% and 90% (based on general patterns in Figure 1; see also 
Table S1). Furthermore, toads travelled farther under warmer conditions, and the 
significant interaction term reflects a trend for locomotor performance to be low, 
regardless of hydration level, at the lowest test temperature (Figure 1).  
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Table 1. Details of toad sampling sites and the annual climatic conditions of each location. 
Country Location 
Year of 
introduction 
Latitude/ 
Longitude 
Mean annual 
rainfall** 
Mean annual 
temperature*
* Climate* # ♀ # ♂ Days 
Brazil Alter do Chão (PA) - 2°30'5.45"S/ 
54°57'25.76"W 
1991 mm 
(34–346 mm) 
25.9°C 
(25.1–26.9°C) 
Am 0 20 4 
 Manaus (AM) - 3° 0'32.04"S/  
59°56'49.84"W 
2145 mm  
(56–295 mm) 
27.4 °C  
(26.9–28.2°C) 
Am 9 11 9 
USA Hilo (HI) 1932 19°41'58.53"N/ 
155° 4'51.79"W 
3459 mm 
(177–397 mm) 
23.1°C 
(21.7–24.6°C) 
Af 8 12 14 
 Kailua-Kona (HI) 1932 19°49'12.38"N/ 
155°50'11.04"W 
862 mm  
(55–88 mm) 
23.5°C  
(22.0–24.9°C) 
Aw 8 12 7 
Australia Kununurra (WA) 2011 15°46'27.14"S/ 
128°44'24.51"E 
720 mm  
(0–186 mm) 
28.8°C  
(23.3–32.6°C) 
BSh 13 7 7 
 Oombulgurri (WA) 2013 15°10'49.35"S/ 
127°50'42.55"E 
718 mm 
(0–181 mm) 
29.4°C  
(24.3–32.9°C) 
BSh 18 2 7 
 Leaning Tree Lagoon (NT) 2006 12°42'26.42"S/ 
131°25'12.80"E 
1500 mm  
(1–364 mm) 
27.2°C  
(23.9–29.4°C) 
Aw 10 10 4 
 Katherine (NT) 2010 14°27'48.81"S/ 
132°15'36.38"E 
1009 mm  
(0–250 mm) 
27.5°C  
(22.1–31.6°C) 
Aw 12 7 7 
 Charters Towers (QLD) 1953 20° 4'34.56"S/ 
146°15'30.67"E 
692 mm  
(8–142 mm) 
23.2°C  
(17.3–27.4°C) 
BSh 13 7 7 
 Townsville (QLD) 1935 19°15'27.44"S/ 
146°49'4.36"E 
1111 mm 
(9–275 mm) 
24.1°C  
(19.0–27.6°C) 
Aw 13 7 7 
 Brooms Head (NSW) 2005 29°36'22.84"S/ 
153°20'8.97"E 
1471 mm  
(49–188 mm) 
19.2°C  
(13.8–23.6°C) 
Cfa 8 4 7 
 Tabbimoble (NSW) 2010 29°11'58.59"S/ 
153°16'13.47"E 
1558 mm  
(52–193 mm) 
19.4°C  
(14.0–23.6°C) 
Cfa 8 4 7 
Climatic data sourced from Climate-Data.org (2016) 
PA = Pará, AM = Amazonas, USA = United States of America, HI = Hawaii, WA = Western Australia, NT = Northern Territory, QLD = Queensland, NSW = New South Wales 
*Köppen & Geiger Climate Classification System. Am = equatorial monsoonal, Af = equatorial fully humid, Aw = equatorial winter dry, BSh = arid steppe hot arid, Cfa = warm temperate fully humid hot summer. 
**Values in parentheses indicate range of mean monthly values for rainfall and temperature. Days = number of days in acclimatization. 
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Figure 1. Effect of temperature and hydration level treatments on overall performance. 
Performance was expressed as the total distance travelled divided by the individual’s body length 
(= snout-vent length [SVL]). Letters above symbols represent groupings from Tukey post-hoc tests. 
Symbols with the same letter are not significantly different from one another. Graph shows mean 
values (± SEM), based on N = 2,172 data points, collected from 209 animals, pooled from all 
populations. 
 
Comparison of Toads From Brazil vs. Hawai’i vs. Australia 
We explored the effects of temperature, hydration level and country of origin in a linear 
mixed-effects ANOVA model, including individual identity as a random effect. The model 
resulted in a significant three-way interaction term (F8,1938 = 4.50, P < 0.001; see also 
Table S10) indicating that the effect of temperature on locomotor performance depended 
on hydration status (as above) but also, that the nature of this dependency varied among 
locations (Figure 2). A post-hoc test comparing means clarifies this interaction (Figure 2, 
Tables S2–S4). Most notably, Australian populations maintained locomotor performance 
under a wider range of conditions than did Brazilian or Hawai’ian toads.  
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Figure 2. Comparisons between the locomotor performance of cane toads from the native range 
and two areas to which they have been introduced. The panels represent the average performance 
of toads from (a) Brazil, (b) Hawai’i, and (c) Australia at each of the test treatments (temperature + 
hydration level). Letters above symbols represent groupings from Tukey post-hoc tests. Within 
each panel (but not among panels) symbols with the same letter are not significantly different from 
one another. Hawai’ian toads could not be tested at 15°C or at the 70% hydration level at 35°C. 
Graphs show mean values (± SEM) based on N = 2,172 data points, collected from Brazil = 35, 
Hawai’i = 38, and Australia = 136 animals. SVL = snout-vent length. 
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Decreasing the hydration level from 100 to 90% had little impact on the locomotor 
performance of Brazilian toads at either 25°C or 35°C, and this decrease in hydration level 
slightly enhanced performance of Australian toads. In contrast, decreasing hydration level 
from 90 to 80% dramatically reduced locomotor performance of Hawai’ian toads at both 
25°C and 35°C. This decrease was less marked in Brazilian toads, and minimal in 
Australian toads (Tables S2–S4).  
When tested at low temperature, Australian toads travelled almost twice as far as did 
either Brazilian or Hawai’ian toads. Brazilian and Hawai’ian toads were greatly affected 
by dehydration, especially at high temperatures. At 70% hydration and 35°C Hawai’ian 
toads were rendered immobile, which necessitated excluding them from this treatment 
combination (Figure 2). 
 
Comparison Among Toads from Different Locations in Australia 
Among Australian toads, a significant three-way interaction (F18,1399 = 2.67, P < 0.001, see 
also Table S11) indicated that the manner in which temperature and hydration level 
affected locomotor performance depended on which population the toad was from. 
Comparing among Australian populations, toads from New South Wales (NSW) had much 
higher locomotor performance than did toads from any of the other populations. The NSW 
animals not only had higher performance at 90 and 80% hydration level at all tested 
temperatures, but also were more resilient to the 70% hydration treatment (i.e., exhibited 
less decrease in performance: Figure 3). Toads from all Australian regions performed best 
at 35°C, at all hydration levels (Figure 3, Tables S5–S8). 
Following the models analyzed above, we performed pairwise comparisons of 
significant factors and interactions using the Tukey method, within each population, to 
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elucidate patterns of effect. Both test temperature and desiccation level significantly 
affected toad performance, but in different ways in different populations (Tables S5–S8).  
 
 
 
Figure 3. Comparison of the locomotor performance of cane toads from different populations in 
Australia. The panels represent the average performance of toads from (a) Western Australia (WA), 
(b) Northern Territory (NT), (c) Queensland (QLD), and (d) New South Wales (NSW) at each of 
the test treatments (temperature + hydration level). Letters above symbols represent groupings from 
Tukey post-hoc tests. Within each panel (but not among panels) symbols with the same letter are 
not significantly different from one another. Graphs show mean values (± SEM), based on N = 
1,579 data points, collected from WA = 35, NT = 39, QLD = 40, and NSW = 22 animals.  
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Discussion 
 
Test conditions (temperature and hydration level) strongly affected the locomotor 
performance of our cane toads, consistent with previous studies on other anuran species, 
including bufonids (Londos & Brooks, 1988; Preest & Pough, 1989; Seebacher & Alford, 
2002; Titon et al., 2010; Tingley et al., 2012; Prates et al., 2013; Tracy et al., 2014). 
Although we encouraged them to continue moving, toads travelled shorter distances when 
they were cool and/or dehydrated. Importantly, performance of these animals was also 
affected by an interaction between these two factors, such that effect of desiccation on 
distance travelled differed among test temperatures. Thermal impacts on performance were 
relatively straightforward in all tested populations (both native and introduced), with toads 
moving further at higher temperatures. However, hydric condition (level of desiccation) 
had more complex effects. At higher temperatures, toads performed optimally at 
intermediate levels of hydration, and travelled shorter distances at hydration levels above 
and below this optimum (Figure 1). At higher temperatures, Australian and Hawai’ian 
toads unexpectedly exhibited a decrease in locomotor performance when hydration level 
increased from 90% to 100%. Full hydration may impose a physiological constraint, or 
alter behavioural factors that make toads less inclined to perform to the same level in 
experimental trials (Cooper & Blumstein, 2015). 
Only a few studies have looked into the combined effects of temperature and 
hydration levels in Rhinella marina. Tingley et al. (2012) compared the effect of different 
hydration levels in two populations of toads (a mesic and a semi-arid population). 
However, they only tested locomotion at ~25°C, with no 70% hydration treatment; also, 
their toads were dehydrated rapidly in a wind tunnel whereas in our study toads were 
dehydrated overnight. Slower dehydration better mimics the natural situation, and may 
elicit more natural behavioural and physiological responses. Tingley et al. (2012) 
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suggested that locomotor performance of toads from a mesic area (corresponding to our 
Queensland populations) declined more rapidly with dehydration than did that of toads 
from a semi-arid area (corresponding to our Northern Territory populations). Our study 
confirms this pattern, but including the Western Australia (WA) and New South Wales 
(NSW) populations reveals a greater complexity: locomotion of toads from the western 
invasion front (WA) is more sensitive to both temperature and dehydration than is that of 
toads from the southeastern invasion front (NSW). Although higher temperatures were 
associated with better performance overall, the generally higher performance levels of 
toads from New South Wales suggest that lower temperatures (or greater thermal variance) 
poses more of a challenge to R. marina than does dehydration.  
Tingley et al. (2014) concluded that the southern limits of the cane toad’s native range 
in Brazil is driven by competition with a closely related species (Rhinella schneideri), 
rather than abiotic constraints. However, our results suggest that cane toads perform poorly 
in cool dry environments, suggesting that abiotic factors may be important also. Australian 
toads performed better than native-range conspecifics under all tested conditions, 
suggesting that individuals in these invasive populations are behaviourally and/or 
physiologically more capable of tolerating extreme conditions.  
Consistent with the prediction that toads will exhibit enhanced locomotor performance 
as they invade harsher environments, our comparisons among toads from different parts of 
Australia also reveal finer-scale geographic divergences in the sensitivity of locomotor 
performance to test conditions (Figure 3). For example, toads from the southeastern 
invasion front (NSW) continued to move along the raceway even when cool and highly 
dehydrated, whereas toads from tropical populations (Queensland and Northern Territory) 
were more affected by dehydration and cold. The magnitude of such differences was 
striking: for example, toads from New South Wales travelled an average of 39.08 ± 9.62 m 
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at 15°C and 70% hydration, whereas toads from Queensland travelled an average of 29.01 
± 12.13 m under the same conditions; Brazilian toads moved an average of 11.57 ± 5.68 m 
under those conditions, and we were unable to even test Hawai’ian animals under those 
conditions because they were immobile and unresponsive.  
The substantial divergences among populations might be due to phenotypic plasticity 
(responses to environmental conditions experienced during the animal’s lifetime) and/or to 
adaptation that has occurred during the relatively brief period since the groups were 
separated. Toads were brought from the South American mainland to Puerto Rico in 1923, 
and perhaps earlier as well (Turvey, 2013). Puerto Rican toads were then translocated to 
Hawai’i in 1932, and from there to Queensland in 1935 (Turvey, 2013). Rather than 
evolving such strong divergences in locomotor performance over this short period, the 
divergences may have been driven by phenotypic plasticity rather than evolutionary 
adaptation. Because we worked with field-collected toads, their responses to temperature 
and desiccation may have been fashioned by the individual’s own experiences prior to 
collection. Toads from different regions within Australia differ strongly in a suite of 
phenotypic traits related to dispersal rate (encompassing morphology, physiology, and 
behaviour), and common-garden studies have shown that many of those geographic 
differences are heritable (Phillips et al., 2006; Llewellyn et al., 2012; Brown et al., 2014). 
Nonetheless, we have no evidence that geographic shifts in thermal and hydric sensitivity 
of that performance also have a genetic underpinning. 
What mechanisms may underlie the development of a phenotype capable of 
continuing to move around even in cool and dry conditions? The obvious explanation is 
geographic divergence in climates. Cane toads in their native range, and in Hawai’i, are 
exposed primarily to relatively stable warm moist conditions, through a combination of 
prevailing climates and active selection of moist habitats (Ward-Fear et al., 2016). 
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Resistance to cool dry environmental conditions is unlikely to have been an important 
determinant of fitness. In contrast, Australian populations of the cane toad have been 
exposed to novel (and often, harsh) abiotic conditions since their arrival in that continent 
80 years ago (Tingley et al., 2014). An ability to continue dispersing even under such 
conditions may have conferred a significant fitness benefit in Australia, leading to the 
evolution (or phenotypically plastic manifestation) of a phenotype capable of maintaining 
locomotor performance even under abiotic extremes. In keeping with that interpretation, 
the Australian populations most resistant to cool conditions are those from New South 
Wales, the area where toads are most likely to encounter cool weather (McCann et al., 
2014). The sites where we collected toads also vary in features such as distances between 
potential spawning-ponds, and the array of local predators; such factors also may influence 
selection on locomotor ability. To know whether such ability is innate, or phenotypically 
plastic (expressed only when such conditions are encountered during an animal’s lifetime) 
would require studies on captive-raised animals.  
The success of introduced species often depends on their ability to deal with 
challenges imposed by the abiotic environment, rather than local biotic resistance 
(Blackburn & Duncan, 2001). As a result, populations of invasive species can diverge in 
physiological responses as a result of being subject to different conditions in different areas 
(Kolbe et al., 2014; Baldanzi et al., 2015). Our data on cane toads accord well with those 
conclusions, and suggest that rapid adjustments to deal with novel abiotic challenges may 
allow cane toads to extend into larger areas of Australia than would be expected from their 
“climatic envelope” within the native range, or within already-invaded parts of Australia. 
The implications for wildlife managers is clear: we may need effective means to control 
cane toads not only in the kinds of environments in which they currently occur, but also in 
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other (cooler, drier) regions currently well outside the predicted final extent of cane toad 
distributions in Australia. 
In summary, our data add to a growing picture of cane toads as extraordinarily flexible 
animals. The species evolved in relatively benign environments (Tingley et al., 2014), 
favouring an ancestral condition of low resistance to thermal and hydric extremes. That 
sensitivity, if retained, would have precluded successful colonization by cane toads in 
many of the places to which it was translocated (Lever, 2001). Instead, the cane toad 
changed rapidly after it encountered novel abiotic conditions in its introduced range. 
Despite the low numbers of founding individuals in successive bottlenecks in Hawai’i and 
Queensland, and thus, low genetic diversity (Slade & Moritz, 1998), toads rapidly evolved 
distinctive modifications in a diverse suite of phenotypic traits (Phillips et al., 2006; 
Llewellyn et al., 2012; Brown et al., 2014), and managed to thrive and spread over large 
portions of the driest continent on Earth. The current study suggests that the toads’ success 
in Australia is also due at least partly to its ability to maintain effective locomotion even 
under hot and desiccating conditions. The toads’ success in Australia is discouraging, 
because cane toads have had severe ecological impacts in that continent (Shine, 2010), and 
at the same time encouraging, because it testifies to the ability of organisms to deal with 
the kinds of novel environmental challenges that are increasingly being thrust upon them. 
And it reinforces a cautionary note from other studies: we cannot reliably infer the 
attributes of an invasive species from studies in the organism’s native range, because the 
process of invasion may generate rapid divergence. 
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Supporting Information 
 
Results of Tukey post-hoc analyses comparing locomotor performance of toads from 
populations in Brazil, Hawai’i and Australia. 
 
Table S1. Pairwise comparisons using Tukey post-hoc analyses on the effects of 
temperature and hydration on all tested toads (overall effect). 
Temperature 
(°C) 
Hydration 
level (%) 
Least Mean 
Squares SEM df Group 
15 70 219.48 18.34 743.21 A 
15 80 306.87 18.31 738.99 B 
15 100 309.67 18.18 722.36 B 
15 90 321.31 18.28 734.78 B 
25 70 539.67 17.70 662.95 C 
35 70 758.26 18.55 769.36 D 
25 100 851.42 17.03 585.71 E 
25 80 851.94 17.08 591.04 E 
25 90 937.67 17.03 585.71 F 
35 100 974.05 17.68 660.01 F 
35 80 1056.68 17.68 660.01 G 
35 90 1112.42 17.68 660.01 G 
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Table S2. Pairwise comparisons using Tukey post-hoc analyses on the effects of 
temperature and hydration on toads from Brazil (native range population). 
Temperature 
(°C) 
Hydration 
level (%) 
Least Mean 
Squares SEM df Group 
15 70 105.86 33.14 167.89 A 
15 80 137.84 33.14 167.89 A 
15 90 146.91 32.78 162.99 A 
15 100 152.71 32.42 158.36 A 
25 70 354.64 32.42 158.36 B 
35 70 620.13 34.75 190.24 C 
25 80 659.11 32.06 154.11 C 
25 100 709.70 32.06 154.11 C 
25 90 714.42 32.06 154.11 C 
35 80 949.46 33.52 173.06 D 
35 100 1036.42 33.52 173.06 D 
35 90 1065.69 33.52 173.06 D 
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Table S3. Pairwise comparisons using Tukey post-hoc analyses on the effects of 
temperature and hydration on toads from Hawai’i (older introduction). 
Temperature 
(°C) 
Hydration 
level (%) 
Least Mean 
Squares SEM df Group 
25 70 255.26 48.35 178.48 A 
25 80 616.74 35.03 105.08 B 
35 80 821.16 39.89 138.57 C 
25 100 843.07 34.34 100.51 C 
25 90 846.68 34.34 100.51 C 
35 100 974.85 39.89 138.57 D 
35 90 1135.32 39.89 138.57 E 
35 70 NA NA NA NA 
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Table S4. Pairwise comparisons using Tukey post-hoc analyses on the effects of 
temperature and hydration on toads from Australia (younger introduction). 
Temperature 
(°C) 
Hydration 
level (%) 
Least Mean 
Squares 
SEM df Group 
15 70 279.79 20.13 414.27 A 
15 100 373.99 19.97 403.46 B 
15 80 376.53 20.10 412.26 B 
15 90 391.95 20.10 412.26 B 
25 70 666.34 19.94 401.20 C 
35 70 834.91 20.20 418.84 D 
25 100 890.25 19.88 397.28 D 
35 100 977.51 20.20 418.84 E 
25 80 984.35 19.88 397.28 E 
25 90 1027.92 19.88 397.28 E 
35 90 1145.70 20.20 418.84 F 
35 80 1149.22 20.20 418.84 F 
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Table S5. Pairwise comparisons using Tukey post-hoc analyses on the effects of 
temperature and hydration on toads from Western Australia (western invasion front). 
Temperature 
(°C) 
Hydration 
level (%) 
Least Mean 
Squares SEM df Group 
15 70 257.12 35.08 115.89 A 
15 80 324.17 35.08 115.89 A 
15 100 342.86 35.08 115.89 A 
15 90 350.89 35.08 115.89 A 
25 70 521.05 35.08 115.89 B 
35 70 749.40 35.38 119.17 C 
25 80 863.87 35.08 115.89 CD 
25 100 875.41 35.08 115.89 D 
35 100 899.03 35.38 119.17 D 
25 90 957.35 35.08 115.89 DE 
35 90 1067.84 35.38 119.17 EF 
35 80 1076.56 35.38 119.17 F 
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Table S6. Pairwise comparisons using Tukey post-hoc analyses on the effects of 
temperature and hydration on toads from the Northern Territory (range core). 
Temperature 
(°C) 
Hydration 
level (%) 
Least Mean 
Squares SEM df Group 
15 70 264.86 38.49 94.49 A 
15 80 368.77 38.26 92.48 AB 
15 100 379.26 38.26 92.48 B 
15 90 384.39 38.26 92.48 B 
25 70 525.57 38.48 94.43 C 
35 70 841.11 38.73 96.59 D 
25 100 879.23 38.26 92.48 DE 
25 80 884.59 38.26 92.48 DE 
25 90 957.76 38.26 92.48 E 
35 100 987.59 38.73 96.59 EF 
35 80 1083.75 38.73 96.59 F 
35 90 1094.56 38.73 96.59 F 
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Table S7. Pairwise comparisons using Tukey post-hoc analyses on the effects of 
temperature and hydration on toads from Queensland (long-colonized). 
Temperature 
(°C) 
Hydration 
level (%) 
Least Mean 
Squares SEM df Group 
15 70 262.64 36.42 197.45 A 
15 100 403.24 36.06 192.38 B 
15 80 414.22 36.42 197.45 B 
15 90 423.02 36.42 197.45 B 
25 70 637.25 35.35 182.99 C 
35 70 763.10 36.42 197.45 C 
25 100 911.20 35.01 178.71 D 
35 100 961.44 36.42 197.45 DE 
25 80 1015.68 35.01 178.71 DEF 
25 90 1089.53 35.01 178.71 EFG 
35 90 1128.57 36.42 197.45 FG 
35 80 1192.87 36.42 197.45 G 
 
 49 
Table S8. Pairwise comparisons using Tukey post-hoc analyses on the effects of 
temperature and hydration on toads from New South Wales (southeastern invasion front). 
Temperature 
(°C) 
Hydration 
level (%) 
Least Mean 
Squares SEM df Group 
15 70 334.14 50.79 45.31 A 
15 100 371.74 50.30 43.75 A 
15 80 398.70 50.79 45.31 A 
15 90 409.25 50.79 45.31 A 
25 100 895.17 50.30 43.75 B 
25 70 982.69 50.30 43.75 BC 
35 70 985.66 50.79 45.31 BC 
35 100 1061.57 50.79 45.31 CD 
25 90 1107.02 50.30 43.75 CDE 
25 80 1173.29 50.30 43.75 DEF 
35 80 1243.32 50.79 45.31 EF 
35 90 1291.44 50.79 45.31 F 
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Table S9. ANOVA table for the linear mixed-effects model on the overall effects of temperature and hydration in all tested toads. Bold font 
indicates significant values. 
 Sum Sq Mean Sq  NumDF DenDF F-value Pr(>F) 
Temperature 165547918 82773959 2 1979.2 2892.43 < 2.2e-16  
Hydration 23677479 7892493 3 1956.2 275.79 < 2.2e-16  
Temperature*Hydration 5218017 869670 6 1954.8 30.39 < 2.2e-16  
 
 
Table S10. ANOVA table for the linear mixed-effects model on the effects of temperature, hydration and country of origin in all tested toads. 
Bold font indicates significant values. 
 Sum Sq Mean Sq  NumDF DenDF F-value Pr(>F)     
Temperature 111072023 55536012      2  2153.04 < 2.2e-16 
Hydration 13682393 4560798 3 1951.48   176.81 < 2.2e-16 
Country 1625043    812521      2 229.95 31.50 8.113e-13 
Temperature*Hydration 3761425    626904      6 1937.50 24.30 < 2.2e-16 
Temperature*Country 1567365    522455      3 1977.51 20.25 6.284e-13  
Hydration*Country 3091590    515265      6 1947.65 19.98 < 2.2e-16 
Temperature*Hydration*Country 928787    116098      8 1937.36     4.50 1.966e-05 
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Table S11. ANOVA table for the linear mixed-effects model on the effects of temperature, hydration and population of origin in all Australian 
toads. Bold font indicates significant values. 
 Sum Sq Mean Sq  
 
NumDF DenDF F-value Pr(>F)     
Temperature 124284449 62142225 2 1404.15 2537.74 < 2.2e-16  
Hydration 15886868 5295623 3 1399.34 216.26 < 2.2e-16  
Population 355876    118625      3 131.86 4.84 0.0031337  
Temperature*Hydration 3202283    533714      6 1399.34 21.80 < 2.2e-16  
Temperature*Population 1450445    241741      6 1404.31 9.87 1.094e-10  
Hydration*Population 1393680    154853      9 1399.33 6.32 8.107e-09  
Temperature*Hydration*Population 1176572     65365     18 1399.34 2.67 0.0001779  
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CHAPTER 3: The thermal dependency of locomotor 
performance evolves rapidly within an invasive species 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Manuscript published as: Kosmala GK, Brown GP, Christian KA, Hudson CM, Shine R 
(2018) The thermal dependency of locomotor performance evolves rapidly within an 
invasive species. Ecology and Evolution 8:4403–4408 
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Abstract 
 
Biological invasions can stimulate rapid shifts in organismal performance, via both 
plasticity and adaptation. We can distinguish between these two proximate mechanisms by 
rearing offspring from populations under identical conditions, and measuring their 
locomotor abilities in standardized trials. We collected adult cane toads (Rhinella marina) 
from invasive populations that inhabit regions of Australia with different climatic 
conditions. We bred those toads, and raised their offspring under common-garden 
conditions before testing their locomotor performance. At high (but not low) temperatures, 
offspring of individuals from a hotter location (northwestern Australia) outperformed 
offspring of conspecifics from a cooler location (northeastern Australia). This disparity 
indicates that, within less than 100 years, thermal performance in cane toads has adapted to 
the novel abiotic challenges that cane toads have encountered during their invasion of 
tropical Australia. 
 
Key words: abiotic challenges | adaptation | common-garden | locomotor performance | 
Rhinella marina 
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Introduction 
 
Environmental conditions can impose strong selective pressure on the biology of 
organisms, shaping the range of ambient conditions over which an animal can function 
(Huey & Kingsolver, 1989; Angilletta et al., 2002, 2004). An individual’s performance 
(such as its locomotor ability) typically depends upon its physiological state, and factors 
such as body temperature can modify an animal’s ability to perform ecologically important 
functions such as sprinting, climbing or burrowing (e.g., Londos & Brooks, 1988; 
Kaufmann & Bennett, 1989; Seebacher & Franklin, 2011; Tingley et al., 2012). We thus 
expect natural selection to fine-tune those responses such that animals are capable of 
effective performance under the conditions that they encounter within their natural habitat 
(e.g., Eliason et al., 2011). Consistent with that hypothesis, comparisons among species, 
and among geographically separate populations within wide-ranging species, often report 
divergences in thermal performance curves among populations that inhabit areas with 
different thermal conditions (Feder, 1978; Beuchat et al., 1984; Gilbert et al., 2001; 
Wilson, 2001; Llewelyn et al., 2010; Titon et al., 2010; Eliason et al., 2011). Individuals 
from a hotter area outperform conspecifics from a colder area (in speed, endurance, etc.) 
when tested at a high temperature, whereas the reverse is true if the test is conducted at a 
low temperature (Beuchat et al., 1984; Gilbert et al., 2001; Wilson, 2001; Titon et al., 
2010; McCann et al., 2014; Winwood-Smith et al., 2015). 
Adjusting performance optima to local conditions may be achieved via thermal 
plasticity (within-generation phenotypic plasticity, whereby environmental conditions 
directly induce shifts in thermal performance curves) or adaptation (across-generation 
shifts in the relative frequencies of alleles that optimize performance under the conditions 
most often encountered) (Beuchat et al., 1984; Gilbert et al., 2001; Wilson, 2001; Maron et 
al., 2004, 2007; Titon et al., 2010; Seiter & Kingsolver, 2013; McCann et al., 2014; 
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Winwood-Smith et al., 2015). Studies of wild-caught individuals can demonstrate 
phenotypically plastic responses, but cannot unequivocally test the role of adaptive change 
in generating geographic divergence in thermal performance curves (e.g., Kosmala et al., 
2017). To demonstrate that geographic divergence in performance optima is due to across-
generation shifts, we need to measure the performance of offspring from different 
populations that have been reared under standard (“common-garden”) conditions 
(Hoffmann & Merilä, 1999; Phillips et al., 2006; Hudson et al., 2017). 
Many cases of intraspecific variation in thermal performance curves likely involve 
adaptation as well as thermal plasticity (Gilbert et al., 2001), but the issue is especially 
interesting in the case of populations that have diverged only recently from a common 
ancestor (Gilbert et al., 2001; Eliason et al., 2011). In such a case, we can explore the 
potential for populations to adapt rapidly to novel challenges (Huey & Kingsolver, 1989; 
Maron et al., 2004, 2007; Tingley et al., 2012; Seiter & Kingsolver, 2013; McCann et al., 
2014; Winwood-Smith et al., 2015). Such an ability might be critical to population 
viability if conditions change, as may be the case for many species under 
anthropogenically-induced climate change. Invasive species from plants to vertebrates 
offer robust model systems to examine the rate of adaptive change as they colonize new 
regions (Maron et al., 2004, 2007; Phillips et al., 2006; Tingley & Shine, 2011; Llewellyn 
et al., 2012; Tingley et al., 2012, 2014; Brown et al., 2015). In many cases, such taxa 
exhibit rapid shifts in phenotypic traits due to adaptation rather than (or as well as) 
plasticity (Maron et al., 2004, 2007; Llewellyn et al., 2012; Tingley et al., 2012; Seiter & 
Kingsolver, 2013; McCann et al., 2014; Brown et al., 2015). 
The cane toad (Rhinella marina, formerly Bufo marinus) is a large bufonid anuran 
native to Latin America, but intentionally translocated to Australia in 1935 in a misguided 
attempt to control insect pests of commercial agriculture (Lever, 2001). The toads have 
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since spread widely across Australia (Urban et al., 2007), colonizing new environments. In 
the process, toads have undergone substantial shifts in morphology (Phillips et al., 2006; 
Hudson et al., 2016a,b), physiology (Llewellyn et al., 2012; Brown & Shine, 2014; Brown 
et al., 2015) and behaviour (Brown et al., 2015; Gruber et al., 2017; Hudson et al., 2017). 
Studies on captive-reared progeny of toads collected in different parts of Australia have 
confirmed that many of those divergences are heritable (Hudson et al., 2016b, 2017; 
Gruber et al., 2017) and hence, are likely to be the result of adaptation. In recent work, we 
documented significant differences in thermal and hydric performance curves between 
wild-caught cane toads from different parts of Australia, as well as between Australian 
populations and those from the native range in Brazil, and a stepping-stone population in 
Hawai’i (Kosmala et al., 2017). To clarify the degree to which such divergences are a 
result of adaptation rather than plasticity, we raised toads from eastern and western 
Australia under standard (“common-garden”) conditions, and measured their locomotor 
abilities under a range of thermal and hydric conditions. 
 
 
Materials and Methods 
 
Study Species and Collection Localities 
Cane toads (Rhinella marina) are large “true toads” of the family Bufonidae (Lever, 2001). 
The species’ native range encompasses parts of Mexico, southern Texas, and Central and 
South America (Zug & Zug, 1979; Easteal, 1981; Lever, 2001). Commercial sugar-cane 
growers imported toads from French Guiana to control insect pests in plantations in Puerto 
Rico in the 1920s (Lever, 2001). From there, 150 toads were translocated to the island of 
Honolulu, Hawai’i in 1932 and released in sugarcane fields (Zug & Zug, 1979; Easteal, 
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1981; Lever, 2001). Three years later, 101 descendants of the Hawai’ian immigrants were 
collected and shipped to northeastern Australia, where their progeny were released along 
the Queensland coast (Easteal, 1981).  
In the course of their Australian invasion, toads have spread from thermally mild, 
high-precipitation regions of Queensland into hotter and seasonally arid regions of Western 
Australia (Kearney et al., 2008; Shine, 2010). We sampled cane toads from both of these 
climatic areas. Our three Queensland sites (QLD), located close to where the species was 
originally introduced (Townsville [GPS -19.257627, 146.817871], Innisfail [GPS -
17.524681, 146.032329], Tully [GPS -17.932869, 145.923556], experience moist and 
relatively mild conditions year-round, whereas the four collection sites in Western 
Australia (WA; El Questro [GPS -16.008438, 127.979811], Purnululu [GPS -17.529752, 
128.400838], Wyndham [GPS -15.464803, 128.100143], Oombulgurri [GPS -15.180417, 
127.845039]) were colonized by toads only recently (<10 years ago: Kearney et al., 2008) 
and experience hotter and seasonally arid conditions (Figure 1). Monthly average 
temperatures are approximately 3°C hotter in our WA sites than in our QLD sites, and the 
WA sites average <20 mm of rain in seven months of the year whereas all months fall 
above this level at our QLD sites (Figure 1). In summary, our QLD sites provide a moister, 
cooler, and less seasonal environment than our WA sites. 
 
Methods of Obtaining Specimens for Study 
Toads were collected by hand at night, placed in damp cloth bags, kept cool to reduce 
stress, and transported to local laboratory facilities. They were allocated to 1-m2 enclosures 
fitted with sprinklers and lights for ad libitum water and naturally occurring prey, until 
mating. Since the enclosures were located outdoors at a field station in the Northern 
Territory (NT: 12°37’S 131°18’E; an environment characterized by warm temperatures 
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year-round, but clearly defined wet and dry seasons), toads were exposed to natural 
thermal conditions. 
We injected pairs of toads from the same populations of origin with 1 mL of 
leuprorelin acetate (Lucrin, Abbott Australasia, Botany, NSW; 1:20 dilution, 0.7 mL for 
females and 0.3 mL for males) to induce spawning (for detailed methods, see Phillips et 
al., 2010). Eggs were moved to 20-L outdoor bins, fitted with water pumps, netted lids to 
exclude predators, and containing local aquatic plants as a food source. These bins were 
checked daily for metamorphic toads, which were then moved to more appropriate cages. 
Metamorphic young were raised in captivity in outdoor enclosures at the same field 
station, in groups of 30 per 7-L container with soil and ad libitum water, and were fed 
termites daily. Groups were split into smaller units as toads grew, to avoid cannibalism and 
competition for food, and eventually moved to enclosures with the same setup as the 
parental ones until the young toads attained sexual maturity (at 18–20 months of age, 96.3 
± 1.2 mm mean snout-vent length [SVL] ± SEM). 
The common-garden toads were kept in the same bins as described above, under 
ambient temperature conditions, from the time of breeding of their parents (mid-2014) 
until trials for the present study were conducted (November 2016); during this period, 
average minimum monthly temperature was 20.1°C (± 0.74 SEM) and average monthly 
maximum temperature was 35.1°C (± 0.31 SEM). There were no significant differences in 
average minimum or maximum rearing temperatures between toads originating from WA 
vs. QLD parents (both F1,17 < 0.38, both P > 0.55). 
We tested 32 progeny from these matings (8 males and 8 females from Queensland 
and the same number from Western Australia), from a total of 19 captivity-laid clutches (4 
from Townsville, 4 from Innisfail, 3 from Tully, 2 from El Questro, 2 from Purnululu, 2 
from Wyndham, 2 from Oombulgurri). For detailed methods, see Hudson et al. (2016b).   
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Figure 1. Average climatic conditions in sites where adult cane toads were collected (i.e., the 
parents of the progeny studied in the present paper). The graphs show monthly average (dashed 
line), maximum and minimum (solid lines) of temperature and precipitation (bars with standard 
errors) based on data for three sites in Queensland (Townsville, Innisfail, Tully) and four sites in 
Western Australia (El Questro, Purnululu, Wyndham, Oombulgurri). 
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Methods of Experimental Testing 
For one week prior to testing (and between trials), we kept toads in the laboratory, fed 
them with crickets, and provided ad libitum access to water and shelter. The room was 
maintained at 25°C, with a 12:12 h light cycle. Prior to trials, we kept the toads in water-
filled containers at the test temperature for a minimum of 2 h. After emptying the toads’ 
bladders by manual pressure on the abdomen, we encouraged the animals to run along a 
circular wooden track inside the temperature-controlled room for 10 min, stimulating them 
to keep moving by administering gentle pokes to their urostyles. A trial concluded after 10 
min of stimulation, or when the animal refused to move even after 1 min of stimulation. 
We recorded total distances moved in terms of body lengths travelled during the trial 
period. After these initial trials, we placed toads in desiccating conditions (exposed to a 
flow of dry air), and allowed them to dehydrate overnight until they lost 10% of their 
initial body mass. We then repeated the locomotor test protocol over the following days at 
90 and 80% of the initial body mass. This protocol was performed at 15, 25 and 35°C, with 
a week of rest and rehydration in between trials at different temperatures. This protocol is 
described in more detail by Kosmala et al. (2017). All procedures were approved by the 
University of Sydney Animal Care and Ethics Committee (Protocol # 703) and by Charles 
Darwin University Animal Ethics and Welfare Committee (AEWC) (Protocol # A13016). 
 
Statistical Analyses 
These procedures generated data on the influence of the three categorical variables (test 
temperature, hydration level, and population of parental origin) on locomotor performance 
of toads raised in captivity. Data for all analyses conformed to assumptions of normality 
and homoscedastic variances. 
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We used linear mixed models (package lme4) in the open-access software R Studio 
Version 0.99.893 (R Core Development Team, 2013), to evaluate the fixed effects of test 
conditions (temperature and hydration level) and population of parental origin on the 
toads’ locomotor performance. We included individual toad ID as a random factor in the 
analyses to accommodate multiple measures taken from individual toads. We also included 
clutch nested within population as a random effect to model relatedness among siblings. 
We treated test temperature and hydration level as three-level categorical variables.  
 
 
Results 
 
Mean body size (SVL) did not differ significantly between toads with parents originating 
from QLD vs. WA (98.1 vs. 98.4 mm respectively, F1,29 = 0.017, P = 0.90). Further, our 
measure of locomotor performance (body lengths/min) was independent of SVL (F1,28 = 
1.42, P = 0.24). Although mean parental SVL exhibited a significant interaction between 
state of origin and sex (F1,1 = 7.54, P = 0.009), progeny SVL was not significantly affected 
by parental SVL (interaction, F2,2 = 0.99, P = 0.39).  
Temperature interacted with population (F2,205 = 10.25, P < 0.0001; Table S1) in its 
effect on locomotor performance. Toads from both populations performed equally well at 
temperatures of 15°C and 25°C, but at the highest test temperature (35°C), offspring of 
WA parents travelled significantly farther than did the offspring of QLD parents (Figure 
2). Hydration level had no significant effect on locomotor performance. The three-way 
interaction (temperature*hydration*population) was nonsignificant (F4,200 = 0.0981, P = 
0.9830), and thus removed from the analysis (Table S1).  
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Figure 2. Effect of test temperature on locomotor performance of cane toads that were raised in 
captivity, but whose parents were collected from two different regions within Australia 
(Queensland and Western Australia). The Y-axis shows the total distance moved during a 10-
minute trial, expressed as body lengths. Graph shows mean values ± SEM.  
 
 
Discussion 
 
In a previous study, we showed that locomotor performance of wild-caught cane toads 
differed among populations from Brazil, Hawai’i, and four locations within Australia 
(Chapter 2; Kosmala et al., 2017). However, we were unable to identify the proximate 
basis for that divergence; it might have been entirely due to toads acclimating to the 
conditions they experience during ontogeny. The present study extends the earlier work by 
showing that the divergence between two of the Australian locations (WA vs. QLD) is 
underpinned at least partly by adaptation. Even when raised under standard conditions, 
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cane toads whose parents were collected in different parts of Australia differed in the 
degree to which their locomotor ability was affected by temperature. When tested under 
hot conditions, toads whose parents were collected from a hot-climate location exhibited 
better locomotor performance than did toads whose parents were collected from a cooler 
area. However, locomotor performance of toads from the two populations was near-
identical at lower test temperatures (Figure 2). This is exactly the pattern that one would 
predict if toads adapt to the thermal conditions encountered within their local area.  
Introduced species exhibit both rapid evolution and phenotypic plasticity to respond to 
the novel conditions they encounter in the introduced range (Maron et al., 2004, 2007; 
Seiter & Kingsolver, 2013). An adaptive basis to geographic divergence in thermal 
performance curves, such that local populations function best under the conditions they are 
most likely to experience, is consistent with an extensive literature (see Introduction). 
However, the timescale of that adaptive process is much shorter in the current study than in 
prior comparisons. Cane toads had been present in Australia for only 80 years at the time 
we collected the parental stock, and had been encountering the hot dry conditions of 
northwestern Australia for only 8 years at the invasion front (Kearney et al., 2008; Hudson 
et al., 2016b). Despite their low genetic diversity (due to founder effects in successive 
translocations: Slade & Moritz, 1998; Rollins et al., 2015), cane toads in Australia have 
evolved in ways that enhance their ability to thrive in their new range. As the invasion 
expanded westwards it moved into habitats that were more extreme (both thermally and 
hydrically) than occur within the species’ native range (Tingley & Shine, 2011; Tingley et 
al., 2012, 2014); and in response to those novel challenges, cane toads have evolved to 
function more effectively at higher temperatures than they were capable of when they first 
colonized Australia (as inferred from toad performance in long-colonized regions). In 
combination with evidence of local adjustment of the critical thermal minimum to low 
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temperatures in southern Australia (McCann et al., 2014) and of water balance to arid 
conditions in central Queensland (Tingley et al., 2012), our study suggests that that despite 
the brief timespan involved, cane toads are rapidly changing in ways that enable them to 
better exploit the novel challenges and opportunities within the Australian continent.  
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Supporting Information 
 
Table S1. Results of model on the locomotor performance (distance travelled, in terms of 
body lengths) of “common-garden” cane toads (raised in captivity) as a function of test 
conditions (levels of temperature and hydration), and the toads’ populations of parental 
origin. Bold font indicates significant values. 
Source DFNum DFDen F-ratio Prob > F 
Population 1 25 1.67   0.2079 
Clutch[Population] 17 11 1.61   0.2177 
Temperature 2 204 156.81 <0.0001 
Hydration 2 204 0.36   0.6964 
Temperature*Hydration 4 204 1.74   0.1422 
Population*Temperature 2 205 10.35 <0.0001 
Population*Hydration 2 204 0.66   0.5197 
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CHAPTER 4: Skin resistance to water gain and loss has changed in cane 
toads (Rhinella marina) during their Australian invasion 
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Abstract 
 
The water-permeable skin of amphibians renders them highly sensitive to climatic 
conditions, and interspecific correlations between environmental moisture levels and rates 
of water exchange across the skin suggest that natural selection adapts hydroregulatory 
mechanisms to local challenges. How quickly can such mechanisms shift when a species 
encounters novel moisture regimes? Skin resistance to water loss and gain in wild-caught 
cane toads (Rhinella marina) from Brazil, USA (Hawai’i) and Australia exhibited strong 
geographic variation. Rates of evaporative water loss were high in native-range (Brazilian) 
toads and in Hawai’ian populations (where toads were introduced in 1932) but almost 
threefold lower in toads from eastern Australia (where toads were introduced in 1935). 
However, toads from arid recently-invaded areas in western Australia exhibited rates of 
evaporative water loss as high as the native-range populations. Rates of rehydration 
exhibited significant but less extreme geographic variation. Thus, in less than a century, 
cane toads invading areas that impose different climatic challenges have diverged in the 
capacity for hydroregulation. 
 
Key words: abiotic challenges | Anura | Bufo marinus | physiology | water balance 
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Introduction 
 
The integument of most amphibians is highly permeable to water, restricting the activity of 
these animals to times and places where water is readily available or can be rapidly 
replenished (Wygoda, 1984; Buckley & Jetz, 2007; Lofts, 2012; Vitt & Caldwell, 2013). 
Although an amphibian’s behaviour, physiology, and morphology all affect the rate at 
which it exchanges water with the environment (Lofts, 2012; Vitt & Caldwell, 2013), the 
skin’s permeability to water ultimately limits the rate at which water can be gained or lost 
(McClanahan & Baldwin, 1969; Tracy, 1975; Spotila & Berman, 1976; Hillyard et al., 
1998). Terrestrial species (including bufonids) typically exhibit lower skin resistance to 
evaporative water loss (<10 s.cm-1) (Prates & Navas, 2009), whereas the highest values 
are shown by arboreal anurans in xeric habitats (up to 400 s cm-1) (Christian & Parry, 
1997; Tracy et al., 2010). Some amphibians exhibit “waterproofing” adaptations (such as 
the skin secretions of Litoria caerulea and Polypedates maculatus, and cocoons of 
Cyclorana australis) that allow them to survive in arid conditions (Christian & Parry, 
1997; Lillywhite et al., 1997), but most amphibians instead exhibit high rates of water flux 
between the body and the external environment (Spotila & Berman, 1976; Lofts, 2012). 
Rehydration is just as important as resistance to water loss in maintaining water balance, 
imposing selection on traits such as specialization of integument structures, permeability 
and circulation in the pelvic patch and behavioural adjustments to optimize water uptake 
(McClanahan & Baldwin, 1969; Lillywhite & Licht 1974, Parsons et al., 1993, Burggren 
& Vitalis, 2005).  
Interspecific correlations between skin permeability and environmental aridity suggest 
that a species’ geographic distribution is constrained by its ability to maintain optimal 
water balance – equivalent influx and efflux of water – under the conditions it encounters 
 73 
(Young et al., 2005; Seebacher & Franklin, 2011; Tingley et al., 2012; Titon & Gomes, 
2017). Skin resistance to water loss can vary among environments in bufonids (Prates & 
Navas, 2009; Titon & Gomes, 2017), and can decrease at higher temperatures (Shoemaker 
et al., 1987; Buttemer, 1990). However, there is no evidence of such lability in cane toads 
to date. Hence, we would predict a biological invasion from one hydric environment to 
another to impose selection on rates of desiccation and rehydration, and hence on skin 
permeability. The cane toad (Rhinella marina, formerly Bufo marinus) provides an ideal 
model system with which to test that prediction. Native to relatively aseasonal, well-
watered landscapes of South and Central America (and a small part of southern North 
America), the species was translocated to much drier habitats on the Hawai’ian islands 
(Easteal, 1981; Ward-Fear et al., 2016) and then Australia (Easteal et al., 1985; Freeland & 
Martin, 1985). Previous research has documented shifts in the species’ morphology, 
physiology, and behaviour coincident with translocation (McCann et al., 2014; Gruber et 
al., 2017; Hudson et al., 2016, 2017). We therefore quantified rates of evaporative water 
loss and gain in cane toads from populations within their native range (Brazil), their 
translocated range in Hawai’i (USA), and their current range in Australia to explore if skin 
permeability to water also has changed during translocation and range expansion. 
Specifically, we expected that colonization of seasonally arid environments in Australia 
would favour a shift higher skin resistance to evaporative water losses and higher rates of 
water uptake across ventral skin surfaces during rehydration. 
 
 
Materials and Methods 
 
Study Species 
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Cane toads are large “true toads” (family Bufonidae) native to Mexico, southern Texas and 
an extensive area of Central and South America (Zug & Zug, 1979), occurring in a variety 
of habitats such as grassland, woodland, sand dunes, rainforest, mangroves and 
anthropogenically disturbed areas. Whereas the dorsal skin is a tough, leather-like tissue, 
the smoother ventral skin is responsible for most of the organism’s water uptake. The 
pelvic portion, known as the pelvic patch, is highly permeable, allowing the animals to 
absorb water and osmoregulate (Parsons et al., 1993). The species’ Latin name Rhinella 
marina, and one of its common names – the marine toad – come from its putative 
resistance to higher levels of salinity than are tolerated by most other anurans (Liggins & 
Grigg, 1985; Uchiyama & Konno, 2006).  
These terrestrial anurans were imported from French Guiana to Puerto Rico to control 
insect pests in sugar-cane plantations; from there, 150 toads were translocated to Hawai’i 
in 1932, and 101 descendants of the Hawai’ian toads were introduced to northeastern 
Australia in 1935 (Zug & Zug, 1979; Sabath et al., 1981; Easteal et al., 1985; Freeland & 
Martin, 1985; Lever, 2001). Both in Hawai’i and Australia, the toads now occupy xeric as 
well as mesic habitats. In Hawai’i, the toads were released in plantations on leeward as 
well as windward coasts, but are currently restricted to anthropogenically-moistened areas 
(such as golf courses) in the drier regions (Ward-Fear et al., 2016). In Australia, toads were 
released in mesic coastal Queensland (QLD), but have since spread into seasonally arid 
habitats of Western Australia (WA) and the Northern Territory (NT), as well as colder 
montane habitats in New South Wales (NSW: for details see Shine, 2010; Newell, 2011; 
Tingley et al., 2012; McCann et al., 2014; Feit et al., 2015). Cane toads thus occupy a 
wider range of climatic conditions in Australia than in their native range (Tingley et al., 
2014).  
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Sampling Locations 
All procedures were approved by the University of Sydney Animal Ethics Committee 
(Approval #2014/703). I collected adult toads (both males and females, ranging from 50 to 
300 g) from locations in their native range (Brazil), in Hawai’i (USA), and in Australia 
(see Tables 1 and 2). All toads were collected by hand at night, placed in damp cloth bags, 
and kept in a moist, cool environment. Following capture, toads were transported to local 
laboratory facilities for the experiments.  
Toads from the native range were collected in Manaus, Amazonas (AM) and Alter do 
Chão, Pará (PA) in Brazil during January and February 2015, a warm and wet time of year 
(Table 1, Figure S2). We collected toads on the island of Hawai’i (HI, United States of 
America) during June and July 2015, from sites in the extreme east (Hilo) and extreme 
west (Kailua-Kona) of the island. The windward eastern side of the island is humid and 
warm, whereas the leeward western side is much drier due to a rainshadow effect coupled 
with highly porous volcanic soils (Ward-Fear et al., 2016) (Table 1, Fig S2). However, the 
toads inhabit moist areas in both of these regions because of anthropogenically-provided 
water (Ward-Fear et al., 2016). 
In Australia, we collected toads from eight sites. Two sites were in Western Australia 
(Oombulgurri, Kununurra), in the extreme west of the species’ range close to the invasion 
front (<2 years post-colonization) where the climate is hot (annual average close to 30°C) 
year-round, and seasonally arid. Another two sites were in the Northern Territory 
(Katherine, Leaning Tree Lagoon), where the climate is less harsh (longer wet season) than 
the Western Australian sites. One Queensland site (Townsville) experiences cooler but 
seasonally arid conditions, whereas the other (Charters Towers) is drier for much of the 
year and very hot in summer. Lastly, the two sites in New South Wales (Brooms Head and 
Tabbimoble) are close to the current southeastern invasion front, where the climate is 
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cooler and generally moist (see Table 1, Figure S2 and Kosmala et al., 2017 for details of 
site locations, invasion history, climatic conditions, and sample sizes). Climatic data were 
sourced from Climate-Data.org.  
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Table 1. Collection sites of cane toads used for the current study, with data on year of cane toad introduction and annual rainfall. PA = Alter do 
Chão, Pará, AM = Manaus, Amazonas, HI = Hawai’i, WA = Western Australia, NT = Northern Territory, QLD = Queensland, NSW = New 
South Wales. 
Country State Location 
Year of 
introduction 
Mean (and range) of  
annual rainfall* 
Mean (and range) annual 
temperature* 
Brazil PA Alter do Chão native range 1991 mm (34–346) 25.9°C (25.1–26.9°C) 
 AM Manaus native range 2145 mm (56–295) 27.4°C (26.9–28.2°C) 
USA HI Hilo 1932 3459 mm (177–397) 23.1°C (21.7–24.6°C) 
  Kailua-Kona 1932 862 mm (55–88) 23.5°C (22.0–24.9°C) 
Australia WA Kununurra 2011 720 mm (0–186) 28.8°C (23.3–32.6°C) 
  Oombulgurri 2013 718 mm (0–181) 29.4°C (24.3–32.9°C) 
 NT Leaning Tree Lagoon 2006 1500 mm (1–364) 27.2°C (23.9–29.4°C) 
  Katherine 2010 1009 mm (0–250) 27.5°C (22.1–31.6°C) 
 QLD Charters Towers 1953 692 mm (8–142) 23.2°C (17.3–27.4°C) 
  Townsville 1935 1111 mm (9–275) 24.1°C (19.0–27.6°C) 
 NSW Brooms Head 2005 1471 mm (49–188) 19.2°C (13.8–23.6°C) 
  Tabbimoble 2010 1558 mm (52–193) 19.4°C (14.0–23.6°C) 
*Data on mean annual rainfall and temperature from Climate-Data.org 
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Table 2. Results from multiple regression analysis of the effects of body mass and skin resistance and rehydration rate of cane toads. Values of 
skin resistance, rehydration rate and body mass were ln-transformed prior to analyses. Bold font indicates significant values. 
Trait Effect df F-value P-value 
Skin resistance Mass 1,149 18.97 <0.0001 
N = 161 Population 5,149 11.39 <0.0001 
 Population*Mass 5,149 1.65   0.1501 
Rehydration rate Mass 1,124 17.65 <0.0001 
N = 136 Population 5,124 3.70   0.0038 
 Population*Mass 5,124 0.37   0.8679 
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Husbandry 
After capture, we allowed the toads to acclimate in laboratory conditions for a week, fed 
them crickets and mealworms, and provided ad libitum access to water and shelter. The 
room was set to 25°C, with a 12:12 h light cycle (for details of methods see Kosmala et al., 
2017). All animals were housed and tested in their respective countries of collection, in 
near-identical conditions. Prior to measurements, we emptied the toads’ bladders by gently 
applying pressure to the abdomen until urine was released.  
 
Rates of Evaporative Water Loss and Skin Resistance 
We used an open-flow system with a positive airflow, with mass flowmeters and silica gel 
cylinders at the intake and humidity probes at the outflow of the system (described in detail 
in Young et al., 2005). Dry airflow (<1% relative humidity) was adjusted to 1 L.s-1, and we 
recorded baseline humidity values for the system for at least 20 min (after humidity values 
stabilized) prior to the toads being introduced to the system (average relative humidity 
0.048 ± 0.064; see Table S1 for more details). The interface of the equipment allowed for 
constant, in-real-time record of data. Animals were held within a transparent airtight 
cylindrical container of 1-L capacity, allowing us to monitor animal activity. After a toad 
was placed into the container, we waited for it to adopt a water conserving posture (WCP, 
with limbs folded beneath the body: see Withers et al., 1984), then recorded temperature 
and humidity of air that had passed across the toad’s body for at least 20 min (as long as 
the toad remained in WCP). We monitored the animals closely during this step, as activity 
has a direct impact on evaporative water loss (Heatwole et al., 1969). We then removed the 
animal from the container, recorded surface temperature using an infrared thermometer, 
and continued to record temperature and humidity within the airflow chamber for another 
20 min to ensure that baseline values had not changed. After it was removed from the 
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airflow system, the toad was weighed and placed in a water tub in its home cage to 
rehydrate. We also measured rates of evaporative water loss of agar models (3% 
concentration) of similar size (surface area) as the toads to measure the rate of evaporation 
from a free water surface (i.e., without skin resistance), so that we could calculate 
individual skin resistance to water loss (method validated by Spotila & Berman, 1976 and 
Christian et al., 2017). The agar models were made using moulds taken from toads in 
WCP, and were placed in the chambers in such a way that the ventral portion was 
completely hidden, as would be the case for a toad in WCP. Thus, while rate of 
evaporative water loss is the measurement of how much evaporative water is lost per 
second, skin resistance refers to the cutaneous resistance to water loss when compared to a 
surface with no resistance provided by skin (agar model), taking into consideration relative 
humidity and temperature. Rates of absolute and relative water loss, surface area, boundary 
layer and skin resistance were calculated using the formulas presented by Spotila & 
Berman, 1976 and validated by Christian & Parry, 1997, Young et al., 2004 and Christian 
et al., 2017. 
The formula used to calculate evaporative water loss were: 
 
Ro=Fa*WVDa-Fb*WVDb ; 
where Ro is the absolute rate of evaporative water loss, Fa and Fb represented the airflow of 
the chamber with the animal and baseline (empty chamber) respectively, WVD is the water 
vapour density of the outcoming air (with animal and baseline respectively). 
The formula used to calculate the surface area was: 
2/3SA = 9.9M 0.56 ; 
where SA is the total surface area of the animal and M is the body mass of the animal. 
The formula used to calculate resistance to water loss was: 
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R=(WVDs -WVDa)/EWLSAa ; 
where R is the resistance to water loss, WDVs is the water vapour density in the surface of 
the animal( or agar model), WDVa is the water vapour density and EWLSA is the 
evaporative water loss rate by exposed surface area. Skin resistance to water loss was 
calculating by subtracting the R of the agar model from the R of the animal. While we did 
not make agar models separately for each individual, in order to reduce stress, we made a 
range of sizes of agar models and matched each individual to the closest-sized model 
available.  
 
Rates of Rehydration 
These animals were then used in studies to assess effects of desiccation on locomotor 
performance (Kosmala et al., 2017), which included experimental dehydration in dry air. 
Animals were weighed while fully hydrated, but with emptied bladders, for an initial body 
mass standard (100%) (precision 0.01g) and the animals were then allowed to naturally 
dehydrate in controlled- temperature (25°C) and dry air. Once it reached 70% (~72h) of its 
initial body mass, the toad was weighed, placed in a container with ~0.5 mm depth of 
water, and reweighed every 2 min (after pat-drying with paper towel) for 14 min to 
measure rates of rehydration (McClanahan & Baldwin, 1969). After this, the toad was 
allowed to rehydrate fully. 
 
Statistical Analyses 
We performed multiple regressions to assess the influence of body mass and population on 
skin resistance and rate of rehydration. Sites were grouped to form the populations as 
follows: BR = Alter do Chão + Manaus, HI = Hilo + Kailua-Kona, WA = Kununura + 
Oombulgurri, NT = Katherine + Leaning Tree Lagoon, QLD = Charters Towers + 
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Townsville, NSW = Brooms Head + Tabbimoble. Values of skin resistance, rehydration 
rate, and body mass were ln-transformed prior to analyses to meet assumptions of 
normality, homoscedasticity and homogeneity of variance. Data on skin resistance, 
rehydration rate and body mass were not strongly co-linear (all Pearson’s r < 0.31), and 
residuals from regressions did not violate assumptions of homoscedasticity. Preliminary 
analyses indicated no significant differences in skin resistance or rehydration rate between 
sexes (both F < 1.55, both P > 0.22) and thus sex was excluded from further analyses. 
Post-hoc tests (Tukey’s test) were performed to locate significant differences among 
groups. Analyses were performed using JMP 11 (SAS Institute, Cary, NC), using an alpha 
level of 0.05.  
 
 
Results 
 
Geographic Variation in Skin Resistance 
A multiple regression that included body mass and population of origin (nested within 
country) as independent variables indicated that skin resistance was influenced by main 
effects of all factors (Table 2). Heavier toads had lower levels of skin resistance, and skin 
resistance varied among populations. Overall, Australian toads had higher skin resistance 
than did toads from Brazil; QLD and NSW toads’ skin resistance was significantly higher 
than that of native toads, while NT and WA toads’ skin resistance was more similar to 
native toads, but still higher. Hawai’ian toads had intermediate values, not significantly 
different to Australian toads but significantly higher than Brazilian toads. Within Australia, 
toads from Queensland and New South Wales exhibited higher cutaneous resistance to 
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water evaporation than did toads from more recently-invaded areas in the Northern 
Territory and Western Australia (Table 3, Figure 1a).  
 
Geographic Variation in Rates of Rehydration 
Multiple regression indicated that rehydration rates were significantly affected by body 
mass and population of origin (Table 2). Post-hoc tests indicated that rehydration rates for 
Brazilian toads were, overall, higher than for either of the other two countries (Table 3, 
Figure 1b). 
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Table 3. Sample sizes, body masses, rates of water loss, skin resistance, and rehydration rates (± standard deviation) of cane toads used in experimental 
protocols of the current study (mean ± SD for applicable variables). PA = Alter do Chão, Pará, AM = Manaus, Amazonas, HI = Hawai’i, WA = Western 
Australia, NT = Northern Territory, QLD = Queensland, NSW = New South Wales.  
Country State Location 
Number 
of toads 
Mass (g) SVL (mm) 
Period of  
Collection 
Average 
temperature 
(°C) ** 
Average 
precipitation 
(mm) ** 
Rate of water 
loss (µg.s-1) 
Skin 
resistance 
(s.cm-1) 
Rehydration 
rate (g.mins-1) 
Brazil PA Alter do Chão 15 110.2 ± 23.6 109.1 ± 7.3 February/2015 26.1 7.7 7.2 ± 1.5 1.8 ± 1.8 0.6 ± 0.2 
 AM Manaus 13 76.6 ± 24.2 97.6 ± 2.7 January/2015 25.6 3.8 5.9 ± 0.8 2.2 ± 1.8 0.5 ± 0.2 
USA HI Hilo 16 104.1 ± 13.7 109.1 ± 4.6 June/2015 25.2 1.4 10.0 ± 1.5 2.3 ± 1.5 0.4 ± 0.2 
  Kailua-Kona 11 125.8 ± 31.4 110.4 ± 8.2 June/2015 26.8 2.0 10.4 ± 1.5 3.3 ± 2.4 0.3 ± 0.1 
Australia WA Kununurra 17 93.0 ± 21.8 105.3 ± 5.9 October/2015 30.1 0.4 10.2 ± 2.0 2.3 ± 2.0 0.4 ± 0.1 
  Oombulgurri 6 104.8 ± 13.1 122.1 ± 5.6 November/2014 32.9 3.9 10.9 ± 1.4 1.3 ± 1.3 0.5 ± 0.1 
 NT Leaning Tree Lagoon 9 146.8 ± 24.0 118.0 ± 4.1 August/2015 23.6 0.0 10.7 ± 1.4 2.4 ± 1.7 0.5 ± 0.2 
  Katherine 16 128.8 ± 58.4 112.3 ± 11.8 August/2015 23.3 0.0 9.9 ± 2.0 2.6 ± 2.5 0.4 ± 0.1 
 QLD Charters Towers 20 114.1 ± 31.1 110.1 ± 19.2 September/2015 25.9 0.1 8.8 ± 1.7 5.3 ± 2.4 0.4 ± 0.1 
  Townsville 17 92.3 ± 16.4 103.8 ± 6.7 September/2015 23.1 0.0 8.1 ± 1.6 6.0 ± 1.9 0.4 ± 0.1 
 NSW Brooms Head 10 120.1 ± 23.4  108.6 ± 8.4 October/2015 20.5 0.7 9.7 ± 2.0 5.0 ± 3.0 0.4 ± 0.1 
  Tabbimoble 12 113.1 ± 29.3 106.2 ± 6.5 October/2015 20.0 1.2 8.9 ± 1.6 5.2 ± 1.8 0.5 ± 0.1 
** Data referent to month of collection 
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Figure 1. Residuals of (a) skin resistance (s.cm-1) (cutaneous) and (b) rehydration rates (g.min-1) 
based on regression analysis of cane toads collected in native and invasive populations (± standard 
error). BR = Brazil, HI = Hawai’i, QLD = Queensland, NSW = New South Wales, WA = Western 
Australia, NT = Northern Territory. Letters indicate groups obtained by post-hoc (Tukey) test; 
different letters indicate significant differences.   
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Skin resistance and rehydration rate were negatively related, but the correlation was 
marginally nonsignificant (Pearson’s r = -0.16, P = 0.063). 
 
Discussion 
 
The rate at which an anuran loses water from its body is a critical aspect of its biology, 
restricting the times and places where it can be active (Toledo & Jared, 1993; Hillyard et 
al., 1998; Young et al., 2005; Seebacher & Franklin, 2011; McCann et al., 2014). We 
found differences in aspects of hydric biology across populations of cane toads. Toads 
from two regions in eastern Australia exhibited cutaneous resistances almost three times 
higher than seen in the native range of the species (Brazil), or in the “stepping stone” 
populations in Hawai’i (USA) from which the eastern-Australian populations were 
founded in 1935. Remarkably, however, western-Australian populations had cutaneous 
resistance levels similar to those of conspecifics in the native range. 
Why do the hydroregulatory abilities of cane toads differ from east to west across 
northern Australia? We can suggest three possible explanations for these patterns. First, the 
differences in cutaneous resistance might be the result of evolutionary changes that have 
occurred as the toads have adapted to the novel environments they have encountered 
during the westwards invasion of northern Australia. Another possibility is that, rather than 
genetic differences, the differences among populations are the result of developmentally 
plastic responses to local environments. Additionally, toads from eastern Australia may 
exhibit an acute (temporary) physiological response that affects their cutaneous resistance. 
Acute changes in water flux have been documented in toads in response to external agents 
(Dohm et al., 2001) and to pharmacological agents (biochemical blockers and stimulants) 
that affect cutaneous blood flow (Hillyard et al., 1998; Burggren & Vitalis, 2005). 
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Although an acute physiological response cannot be ruled out completely, it seems 
unlikely because the toads from eastern Australia were housed and treated in the same 
manner as the toads from other locations. Because we relied on measurements from field-
caught animals, we cannot tease apart the degree to which geographic divergence was 
driven by evolved (heritable) changes versus developmentally plastic responses to local 
environments. However, the magnitude of those differences (especially in skin resistance) 
exceeds that recorded for intraspecific comparisons within any anuran species, to my 
knowledge, and thus may involve evolutionary change. Studies on offspring raised under 
standardized conditions would be needed to test that inference.  
Thus, skin resistance in cane toads appears to have initially increased threefold, then 
decreased threefold, over the course of the last 80 years. Alternatively, toads from eastern 
Australia may have evolved high skin resistance within that period, while the western 
populations retained the ancestral state (of low skin resistance) exhibited by the first 
colonists of Australia. This cannot be an artefact of methodological variation because all 
Australian measurements were taken at the same laboratory, with the same equipment. 
Also, Young et al. (2005) found results within the range of ours for toads in the Northern 
Territory.  
Two patterns suggest that reversals in skin resistance are more likely than retention of 
ancestrally high skin resistance in invasion-front populations. First, the toad invasion front 
expanded very slowly in the decades immediately post-translocation (Freeland & Martin, 
1985; Phillips et al., 2007; Urban et al., 2007; Kearney et al., 2008). This slow spread is 
consistent with the time needed for adaptation of traits (such as skin resistance) to deal 
with novel climatic challenges (a common but not universal pattern; for example, some 
traits show rapid adaptation to abiotic environmental challenge: McCann et al., 2014;Stuart 
et al., 2014; de Amorim et al., 2017;  While et al., 2018). Second, if high skin resistance 
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evolved in Queensland toads after the westwards invasion had begun, we would have 
expected low skin resistance in toads from the southern (New South Wales) front due to 
retention of the ancestral condition (the western and southern fronts expanded at about the 
same time: Urban et al., 2007). Instead, toads from New South Wales had high skin 
resistance, like Queensland conspecifics. 
In contrast to skin resistance, rates of rehydration showed a simpler pattern. The rates 
at which toads regain water have decreased over the course of the toad invasion, with 
native-range (Brazilian) animals taking up water significantly more rapidly than did those 
from either Hawai’i or Australia. Thus, mesic conditions within the native range appear to 
have favoured a system of both gaining and losing water rapidly. In contrast, more arid 
conditions in Hawai’i and Australia have resulted in toads potentially evolving greater 
resistance to water loss in some invaded sites but not others; and a lower rate of 
rehydration relative to Brazilian toads. 
Both skin resistance and rate of hydration also depended on body mass, reflecting 
allometric effects. Relative to internal volume, larger toads have a smaller surface area 
(through which they lose and gain water) than do smaller conspecifics (McClanahan & 
Baldwin, 1969; Tracy, 1975; Withers et al., 1984). However, this allometry cannot explain 
the geographic divergences that we observed. Even though average body mass differed 
among populations, population effects on skin resistance to water evaporation were 
significant even in models that included toad body mass as a covariate.   
Interspecific comparisons suggest that species of anurans (including toads) exposed to 
desiccating conditions (e.g., arid or arboreal habitats) tend to exhibit higher skin resistance 
to water loss (Spotila & Berman, 1976; Wygoda, 1984; Young et al., 2005; Tingley et al., 
2012; Titon & Gomes, 2017). This pattern is consistent with the ancestral condition of low 
skin resistance to evaporative water loss seen in toads from Brazil and Hawai’i. At first 
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sight the low resistance to water loss of toads from dry sites in Hawai’i (HD) does not fit 
well with that trend, but toads in these sites actually live in anthropogenically-moistened 
habitats where water is freely available (Ward-Fear et al., 2016). Thus, the retention of 
ancestrally low rates of water loss in Hawai’ian toads is consistent with high water 
availability in both Hawai’i and Brazil. 
When toads were translocated from Hawai’i to Queensland in 1935, they encountered 
a climate where precipitation is lower and more seasonal than in the native range (Table 1). 
The toads apparently responded to that novel challenge by increasing their skin resistance 
to water loss. Counter-intuitively, however, the toads’ subsequent invasion into seasonally 
arid habitats in the western part of Australia was accompanied by the re-evolution of low 
cutaneous resistance. We speculate that a high rate of evaporative water loss may benefit 
toads in this region because of the extremely high ambient temperatures experienced 
through most of the year (see Kosmala et al., 2017 and McCann et al., 2018 for climatic 
data). More specifically, evaporative cooling (Borgnakke & Sonntag, 2016) might enable 
toads to deal with otherwise-lethal heat loads. Analogously, Gila monsters increase 
cutaneous and cloacal evaporative water loss in hot weather (DeNardo et al., 2003). A 
feedback between body temperature and rates of evaporative water loss (cooler cane toads 
lose water less rapidly: Malvin & Wood, 1991) might reduce the hydric costs of 
evaporative cooling. In addition, the large body size of adult cane toads is an advantage, as 
larger individuals can afford to lose more water. In a previous study (Kosmala et al., 
2017), we showed that toads can withstand dehydration to 70% of their body mass without 
impairing vital bodily functions (see also Krakauer, 1970). Thus, toads in very hot climates 
(as in Western Australia) may spend most of their time in moist microhabitats (Tingley & 
Shine, 2011; Tracy et al., 2014; Feit et al., 2015), providing a water source that they can 
use to keep their body temperatures below dangerously high levels. In this situation, being 
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able to withstand high temperatures (whether by reducing skin resistance or by modulating 
behaviour) may enhance survival (Letnic et al., 2014). Experimental studies to clarify the 
interaction between water loss and heat loss would be of great interest – are toads, in fact, 
increasing water loss in order to avoid lethally high temperatures? If so, is such an ability 
manifested to an equal degree across the species’ distribution? 
Our sampling included populations from both disturbed and relatively undisturbed 
areas, which means populations could differ in confounding traits such as larval 
development and abnormalities that can impact adult individuals, as has been demonstrated 
for Rhinella arenarum (Bionda et al., 2012; Babini et al., 2015). Nonetheless, all our 
collection sites exhibited some degree of anthropogenic disturbance, such that habitat-
associated variation is unlikely to explain the substantial geographical variation that we 
recorded within the species. Intraspecific comparisons of water balance in relation to 
urbanization would be of great interest for future studies. 
Our results add two additional variables – rates of water gain and skin resistance to 
water loss – to the list of functional traits that exhibit geographic variation within cane 
toads, including across different sites within the toad’s invaded range within Australia 
(e.g., Hudson et al., 2016; Kosmala et al., 2017; McCann et al., 2018). These data 
demonstrate that anurans can adjust fundamental aspects of their interactions with 
environmental factors rapidly, if the taxon in question is exposed to abiotic challenges that 
differ strongly from those which it experiences in the native range. 
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Supporting Information 
 
Table S1. Equipment, average temperature (± SD) and relative humidity (± SD) for 
experiments performed in each country. 
Country Equipment 
Average 
temperature (°C) 
Average relative  
humidity (g/min) 
Australia Vaisala HMP233 23.7 ± 2.4 0.066 ± 0.07 
Hawai’i Vaisala HMP35A 25.1 ± 1.3 0.021 ± 0.031 
Brazil RH/Dewpoint Controller 
Sable Systems 
22.4 ± 1.5 0.002 ± 0.001 
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Figure S2. Graphs characterizing some of the climatic conditions of the collection sites. (A) mean 
maximum temperature and (B) number of months with less than 25 mm of rainfall (locations with 
higher bars have more months of very low rainfall, showing dry conditions). BR = Brazil, HI = 
Hawai’i, QLD = Queensland, NSW = New South Wales, WA = Western Australia, NT = Northern 
Territory.  
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CHAPTER 5: Kicking back Down Under: Invasive populations 
of cane toads (Rhinella marina) down-regulate their responses 
to thermal and hydric stress in a climatically harsh environment 
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Abstract 
 
In response to encountering abiotic extremes, many organisms exhibit stress responses (as 
measured by levels of corticosterone and heat-shock protein [e.g., HSP70] in the blood). 
Such responses may be critical for organismal viability; but how quickly can they change 
if the organisms encounter novel and more extreme conditions (as occurs with climate 
change, or a species’ invasion into a new area)? In cane toads, previous experimental work 
has shown that elevated corticosterone levels can jeopardize survival by increasing rates of 
water loss. Our measurements of the levels of corticosterone and HSP70 in the blood of 
cane toads were elevated in toads that were desiccated, especially if they were exposed to 
low temperatures. Importantly, toads from the climatically equable native range (Brazil) 
showed twofold higher levels of these stress hormones than did toads from the climatically 
more extreme invaded range (Australia). Thus, the toads’ invasion of abiotically extreme 
habitats has been accompanied by a substantial down-regulation of the acute stress 
response.  
 
Key words: Bufo marinus | invasive species | stress response | water balance 
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Introduction 
 
In any organism, an intricately co-adapted suite of physiological processes functions to 
support life by maintaining homeostasis. Organismal homeostasis refers to the fine balance 
of many individual (but not necessarily independent) processes that maintain internal 
stability. Traits fine-tuned by homeostatic mechanisms include body temperature, fluid 
composition, gas concentrations and blood pressure (Hills et al., 2004; Vitt & Caldwell, 
2013). Those are all regulated by finely-tuned chains whereby external stimuli are 
measured by sensors that detect the challenge and send signals to activate effectors that 
will correct or deal with the consequences of the stimuli (Modell et al., 2015). But when 
extreme external conditions threaten organismal survival, more dramatic responses are 
elicited. In such instances, hormones can be regulated to maintain homeostasis (Tully, 
2005; Modell et al., 2015). Physiological responses to stressors include perception of 
stressor magnitude, secretion of stress hormones, modulation of heart rate and behavioural 
responses (Hills et al., 2004; Vitt & Caldwell, 2013; Narayan, 2016). 
Stress responses enable organisms to cope with unpredictable environmental variation. 
Several hormones and proteins are activated by stress, either as a direct response to the 
stressor itself or as a mechanism to reduce the impacts of the stress response. For example, 
corticosterone and heat-shock protein 70 (HSP70) are up-regulated by exposure to extreme 
climatic conditions (Chapovetsky & Katz, 2005; Angilletta Jr, 2009; Narayan, 2016). 
Glucocorticoids, including corticosterone, commonly called the “stress hormone”, are 
involved in the signalling of cardiovascular function, osmoregulation, immune responses, 
metabolism, neurobiology, and reproductive physiology (Sapolsky et al., 2000). They are 
highly responsive to a range of stressful conditions (Zimmerman & Critchlow, 1967; 
Denver, 1997; Belden et al., 2005; Crespi & Denver, 2005; Chambers, 2011; Dupouê et 
al., 2013, 2014; Narayan & Hero, 2014a,b; Assis et al., 2015) as well as reproductive 
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behaviour (Assis et al., 2012), development (Denver et al., 2002; Chambers et al., 2011) 
and balance of water and salts in the kidney (Brewer et al., 1979; Arad & Skadhauge, 
1984; Vitt & Caldwell, 2014). HSP70 belongs to a class of chaperones intimately related to 
the thermal stress response, responsible for folding and translocation of proteins in heat 
shock situations in order to inhibit irreversible protein denaturation and facilitate the 
normalization of cell conditions once heat stress is gone (Krebs & Feder, 1997; Feder & 
Hoffmann, 1999; Heikkila, 2010). It is up-regulated as a means of cellular protection 
following exposure to thermal or hydric extremes (Chapovetsky & Katz, 2005; Schulte et 
al., 2011).  
Climate change has exposed many organisms to abiotic conditions (temperature, 
humidity) that are more extreme than were previously the norm within the species’ range. 
Thus, understanding how an organism’s stress responses are modified by encountering 
novel and more extreme challenges can help us to predict the impacts of climate change. 
Invasive species provide excellent models for studies on this topic. Like a species 
confronted by climate change within its usual distribution, invaders encounter novel (and 
potentially extreme) abiotic conditions as they expand their distribution into hitherto-
unoccupied areas (Carlton, 2000; Deutsch et al., 2008; Somero, 2010; Narayan et al., 
2012; Rollins-Smith, 2017). If the invader can modify its stress responses in ways that 
enable it to cope with those novel challenges (either through adaptation or plasticity), then 
we expect to see interpopulation differences in stress responses – for example, populations 
in the native range should differ from those in invaded regions (Sorte & Hoffmann, 2004; 
Somero, 2005, 2010; Zerebecki & Sorte, 2011; Liebl & Martin, 2012; Hernández et al., 
2016; Martin et al., 2017).  
One of the most intensively studied biological invasions is that of the cane toad 
(Rhinella marina, formerly Bufo marinus), a large anuran that has been translocated from 
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South America to many other regions across the world (Zug & Zug, 1979; Easteal, 1981; 
Sabath et al., 1981; Easteal et al., 1985; Freeland & Martin, 1985; Lever, 2001; Shine, 
2018). In Australia, cane toads have penetrated into areas that are substantially hotter and 
drier, at least seasonally, than any within the species’ native range (Tingley et al., 2014). 
Jessop et al. (2013) recorded high levels of corticosterone in the blood of cane toads from 
these arid areas, presumably the result of thermal and hydric stress, and experimentally 
demonstrated that elevated corticosterone levels increased rates of water loss and thus, 
lowered survival under harsh conditions.  
Cane toads thus provide an ideal species with which to investigate the ways in which 
exposure to abiotic extremes modifies the acute stress response. Based on the study of 
Jessop et al. (2013), we predicted that the responses of cane toads to thermal and hydric 
stresses (as measured by up-regulation of HSP70 and corticosterone) would have shifted as 
they moved from the native range (where such stresses are rare) to Australia (where such 
stresses are common, and more extreme). More specifically, we predicted that cane toads 
in Australia would show a less dramatic elevation of the levels of corticosterone and 
HSP70 in response to thermal and hydric extremes, than would conspecifics from the 
native range. To test that prediction, we studied cane toads from five populations spanning 
both the ancestral and the invaded range, to see if they have adjusted their stress responses 
to local conditions. 
 
 
Materials and Methods 
 
Study Species 
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Cane toads are large “true toads” (Bufonidae) native to Latin America and southern North 
America and translocated via Puerto Rico and Hawai’i to Australia, with 101 toads brought 
to northeastern Australia in 1935 (Zug & Zug, 1979; Easteal, 1981; Sabath et al., 1981; 
Easteal et al., 1985; Freeland & Martin, 1985; Lever, 2001). Once in Australia, cane toads 
thrived and dispersed at increasingly high rates and into diverse environments, becoming a 
serious ecological problem (Sabath et al., 1981; Easteal et al., 1985; Freeland & Martin, 
1985; Phillips et al., 2006; Alford et al., 2009; Shine, 2010; Newell, 2011; Shine, 2018). 
 
Collection of Toads 
Toads from the native range were collected in Manaus, Amazonas (AM) and Alter do 
Chão, Pará (PA) in Brazil, during January and February 2015. In Australia, we collected 
toads from two sites in Western Australia (WA: Oombulgurri, Kununurra), two sites in the 
Northern Territory (NT: Katherine, Leaning Tree Lagoon), two sites in Queensland (QLD: 
Townsville, Charters Towers), and two sites in New South Wales (NSW: Brooms Head 
and Tabbimoble). Climatic characteristics of these locations are described in detail by 
Kosmala et al. (2017); briefly, the Brazilian sites offer relatively aseasonal and humid 
regimes whereas the Australian sites experience seasonally dry and hot conditions (Table 
1). 
 
Animal Husbandry 
Prior to experimentation, animals were allowed to acclimatize to laboratory conditions for 
two weeks. Animals were kept in a room set to 25°C, with a 12:12 h light cycle, and were 
fed crickets and mealworms, and provided ad libitum access to water and shelter.  
 
Laboratory Methods 
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Toads were allowed to hydrate fully in individual containers with ~1 cm depth of filtered 
water and were kept at 25°C for 2 h before we took baseline blood samples. We sampled 
0.1 mL of blood via cardiac puncture using a heparinized 25-guage needle and syringe, 
within 3 min of opening the toads’ enclosures (a timespan that should prevent any stress 
response from affecting stress-hormone levels: Wingfield & Romero, 2001; Romero & 
Reed, 2005). The blood sample was ~0.1% of the average mass of toads in our study and 
its removal did not affect the animal’s health. We recorded mass for each toad, after gently 
squeezing the abdomen to empty the bladder. We then assigned toads randomly to 
treatments of a combination of temperature (15, 25 or 35°C) and dehydration (100 and 
70% of initial mass) such that each toad was only sampled twice – once for baseline and 
one post-treatment. All samples were taken in a temperature-controlled room set to the test 
temperature. Toads assigned to the dehydration treatment were allowed to dehydrate 
slowly while exposed to a ventilated room with no access to water (over 3 to 4 days) until 
they reached 70% of their original, fully hydrated body mass (bladder empty), and then 
blood-sampled again. We centrifuged the blood samples at ~3000 rpm for 4-5 min, 
removed plasma to individually identified tubes and froze them until processing. Firstly, 
we performed a corticosterone extraction by adding 3 mL of diethyl ether to 10 μL of 
sample, vortexing for 30 s and centrifuging for 9 min at 1800 rpm and 4°C. We allowed 
the samples to decant in a minus 80°C freezer for 7 min and transferred the liquid phase to 
a new tube, that was kept in a laminar flow hood at room temperature (20 ± 2°C) until all 
ether evaporated (approximately overnight) (Mendonça et al., 1996). We resuspended the 
samples in EIA buffer and assayed corticosterone using EIA kits (number 500655; 
Cayman Chemicals, Ann Arbor, MI – assay range: 8.2-5,000 pg/ml, sensitivity: 80% B/B0: 
30 pg/ml), validated for toads of a phylogenetically close species (Rhinella icterica) (Assis 
et al., 2015). Samples were run in duplicate for each dilution, with dilutions starting at 1:50 
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and ending at 1:150, being adjusted to fit the kit’s standard range. Final concentrations 
were averaged from duplicated samples and adjusted for dilution factors. HSP70 levels 
were measured from raw plasma samples with EIA kit specific for toads (number 
MBS108988; MyBiosource, San Diego, CA – assay range: 62.5pg/ml-2000pg/ml, 
sensitivity: 10pg/ml) as instructed by the manufacturer.  
 
Statistical Analyses 
We performed mixed models analyses to determine the impact of experimental 
temperature and hydration levels on corticosterone and HSP70. The analysis included three 
independent variables: location of origin (Brazil, WA, NT, QLD, NSW), hydration level 
(100% or 70%) and temperature (15, 25 and 35°C) and their interactions. We used toad ID 
as a random effect. Body mass did not have significant effects on levels of corticosterone 
or HSP70, and thus was excluded from further analyses. Measurements were log-
transformed prior to statistical analysis to satisfy assumptions of normality and variance 
homogeneity. Mixed models were performed using packages lmerTest (Kuznetsova et al., 
2015) and lsmeans (Lenth, 2016) in R (R Development Core Team, 2013). We performed 
Student’s post-hoc test to determine which groups differed significantly from each other.  
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Table 1. Locations of collection, number of toads and mean mass (± standard deviation) of toads sampled in the study. **Values in parentheses indicate range of 
mean monthly values for rainfall and temperature. NSW = New South Wales, NT = Northern Territory, QLD = Queensland, WA = Western Australia, AM = 
Manaus, Amazonas, PA = Alter do Chão, Pará. 
Country  Population  Site  Sex  N  Mass (g)  
Mean Annual 
Rainfall**  
Mean Annual 
Temperature** 
Australia NSW Brooms Head Female 8 121.06 ± 22.03 1471 mm 19.2°C 
   Male 4 116.23 ± 19.15 (49–188 mm) (13.8–23.6°C) 
  Tabbimoble Female 8 114.84 ± 32.86 1558 mm 19.4°C 
   Male 4 96.53 ± 14.44 (52–193 mm) (14.0–23.6°C) 
 NT Katherine Female 11 157.68 ± 71.91 1009 mm 27.5°C 
   Male 7 94.17 ± 22.77 (0–250 mm) (22.1–31.6 °C) 
  Leaning Tree Female 10 168.61 ± 38.79 1500 mm 27.2°C 
   Male 10 142.29 ± 22.71 (1–364 mm) (23.9–29.4 °C) 
 QLD Charters Towers Female 10 123.35 ± 32.78 692 mm 23.2°C 
   Male 5 104.78 ± 13.15 (8–142 mm) (17.3–27.4°C) 
  Townsville Female 12 95.85 ± 13.97 1111 mm 24.1°C 
   Male 7 78.24 ± 9.62 (9–275 mm) (19.0–27.6°C) 
 WA Kununura Female 10 84.74 ± 18.54 720 mm 28.8°C 
   Male 7 91.73 ± 16.29 (0–186 mm) (23.3–32.6°C) 
  Oombulgurri Female 17 132.84 ± 17.96 718 mm 29.4°C 
   Male 2 125.40 ± 64.06 (0–181 mm) (24.3–32.9°C) 
Brazil AM Manaus Female 7 255.37 ± 146.19 2145 mm 27.4°C 
   Male 11 75.08 ± 22.49 (56–295 mm) (26.9–28.2°C) 
   NA 2 93.29 ± 48.88   
 PA Alter do Chão Male 20 112.52 ± 21.96 1991 mm 25.9°C 
      (34–346 mm) (25.1–26.9°C) 
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Results 
 
Corticosterone and HSP70 Levels 
Corticosterone levels were affected by hydration and population, with a significant 
interaction between temperature and hydration. Overall, lower hydration increased levels 
of corticosterone, especially at lower temperature (Figure 1, Table 2). Brazilian toads 
exhibited higher levels of corticosterone in all temperature*hydration combinations, and 
were more acutely affected by cold when dehydrated (Figure 1).  
 
Table 2. Results of ANOVA of mixed effects model on the levels of corticosterone and 
temperature, hydration and population. Bold font indicates significant values. 
Source df F-value P-value 
Temperature 2,180 0.344 0.709 
Hydration 1,180 238,091 < 2.2e-16 
Population 4,180 17.820 2.422e-12 
Temperature*Hydration 2,180 4.847 0.008 
Temperature*Population  8,180 1.061  0.392  
Hydration*Population  4,180 2.222 0.068  
Temperature*Hydration*Population 7,180 0.260 0.968     
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Figure 1. Levels of corticosterone in five populations of cane toads (Rhinella marina). (a) Overall 
mean (± SEM) levels secreted in response of corticosterone levels to experimental manipulations of 
thermal and hydric conditions (combined populations data). (b-f) Corticosterone levels by 
population. 
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HSP70 levels differed significantly among populations, with a significant interaction 
between population and hydration (Table 3). Brazilian toads exhibited higher levels of 
HSP70 in all tested conditions than did any of the Australian populations tested. The 
significant population*hydration interaction arose because toads from Australia had higher 
HSP70 when cold (15°C) and dehydrated, while toads from Brazil had higher HSP70 when 
warm (35°C) and dehydrated (Figure 2). 
 
Table 3. Results of ANOVA of mixed effects model on the levels of HSP70 and 
temperature, hydration and population. Bold font indicates significant values. 
Source df F-value P-value 
Temperature 2,214.56 0.795 0.452 
Hydration 1,211.16 0.764 0.383 
Population 4,227.03 47.775 < 2.2e-16 
Temperature*Hydration 2,210.53 0.757 0.470 
Temperature*Population  8,205.47 0.781 0.620 
Hydration*Population  4,204.81 4.724 0.001 
Temperature*Hydration*Population  6,206.15 0.590 0.737 
 
Overall, corticosterone and HSP70 levels tended to be positively correlated (Pearson’s 
correlation test, r = 0.14) but the correlation was marginally non-significant (P = 0.06), 
perhaps due to strong population effects on both variables. Neither sex nor body mass of 
individuals had significant effects on levels of either corticosterone or HSP70.  
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Figure 2. Levels of heat-shock protein (HSP70) in five populations of cane toads (Rhinella 
marina). (a) Overall mean (± SEM) levels expressed in response of HSP70 levels to experimental 
manipulations of thermal and hydric conditions (data from all populations combined). (b-f) HSP70 
levels by population. 
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Discussion 
 
The translocation of cane toads to Australia has exposed them to more variable and 
extreme abiotic conditions than they experience within the native range (Tingley et al., 
2014; Kosmala et al., 2017). One way in which toads respond to abiotic challenges is to 
up-regulate the stress response that includes levels of corticosterone and heat-shock protein 
(Brown et al., 2011; Jessop et al., 2013). However, that up-regulation may come at a cost, 
with experimental evidence showing that elevation of corticosterone levels increases a 
toad’s rate of desiccation, and thus lowers its survival under harsh conditions (Jessop et al., 
2013). A slight increase in corticosterone can increase locomotor activity (Breuner et al., 
1998) and metabolic rate (Wack et al., 2012), and an increase in activity can result in 
higher evaporative water loss (Heatwole et al., 1968). Thus, we predicted that the 
translocation of toads from equable climates to more extreme ones should have resulted in 
a down-regulation of the stress response within the invaded range; and that is the pattern 
revealed by our data. 
First, why are corticosterone and HSP70 elevated at lower test temperatures and 
(especially) after desiccation? The likely answer is that both cold and dehydration are 
stressful to a cane toad. The danger posed by desiccation is clear: excessive loss of water is 
fatal (see Webb et al., 2014). Desert species are known for having higher levels of HSP70 
in non-heat-shock conditions than that of other species, as well as a higher thermal 
threshold for HSP expression – their unique HSP profile allows them to respond rapidly 
and efficiently to thermal stress (Zatsepina et al.,2000). Xenopus laevis, a species highly 
studied for enduring severe dehydration, has different responses for HSP70 depending on 
the organ analysed - it shows a dynamic response of HSP70 in the kidneys, increasing with 
medium dehydration but decreasing with high dehydration, suggesting an adapted lower 
stress response to maintain ion channels functioning and thus, osmoregulation (Luu et al., 
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2018). Low temperatures are unlikely to endanger survival per se, but they greatly reduce 
locomotor ability (Kosmala et al., 2017) and so affect a toad’s ability to move and seek out 
resources within the environment. Thus, the combination of desiccation and low 
temperatures is potentially life-threatening; a toad needs to leave its shelter site and locate 
a water source but is physiologically incapable of rapid locomotion. The observed pattern 
(maximal corticosterone levels at the combination of cold and dry) may reflect that 
constraint.  
Second, why did toads from invasive populations in Australia show a much lower 
elevation of corticosterone levels in response to such abiotic stressors than did conspecifics 
from Brazil? Corticosterone is involved in many pathways of water balance and salt 
concentration in the kidneys, as well as in the acute stress response (Zimmerman & 
Critchlow, 1967; Brewer et al., 1979; Arad & Skadhaug, 1984; Denver, 1997; Belden et 
al., 2005; Crespi & Denver, 2005; Chambers, 2011; Dupouê et al., 2013, 2014; Vitt & 
Caldwell, 2014). That multiple set of functions may explain why the experimental 
manipulation of the acute stress response lowers survival as well as increases water loss 
(Jessop et al., 2013). Up-regulation of the stress response to abiotic challenges may well be 
adaptive in the native range, but not in toads in Australia where they encounter abiotic 
conditions so extreme that the ancestral stress response would lower their survival (Jessop 
et al., 2013; Tingley et al., 2014). Corticosterone levels can adapt to thermal environments, 
so that species exposed to lower temperatures can exhibit higher corticosterone without 
being damaged (Telemeco & Addis, 2014). Considering the potential for rapid evolution of 
cane toads (including, for the thermal and hydric sensitivity of locomotor ability: Kosmala 
et al., 2017), the wider range of temperatures encountered in Australia (in comparison to 
the native climate) appears to have driven toads to adapt their corticosterone response to fit 
the new climatic challenges. 
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HSP70 shows similar geographical patterns as corticosterone, and probably for similar 
reasons. In a study on Chilean snails, Gaitán-Espitia et al. (2013) showed that snails from a 
hotter, drier population exhibited higher levels of HSP70 than did snails from a colder, 
more humid population. In tardigrades – creatures remarkable for their resistance to 
desiccation – HSP70 is elevated by heat and rehydration, but is lowered by desiccation, 
suggesting that its role is connected to repair processes after desiccation (Jönsson & Schill, 
2006). Thus, our data on levels of HSP70 in toads from climatically different populations 
suggest that native-range toads increase HSP70 levels as a protective and repairing tool in 
response to (rarely-encountered) extremes of temperature and desiccation – but that after 
they were translocated to Australia, where such challenges are commonplace, the HSP70 
response was down-regulated. 
Future work could usefully explore the degree to which the differences that we have 
documented between Brazilian and Australian cane toads is due to phenotypic plasticity or 
to genetically-based factors. Previous studies on a wide range of traits (including thermal 
and hydric effects on locomotor performance) have shown that both adaptation and 
plasticity have contributed to geographic divergence in cane toad phenotypes (Hudson et 
al., 2016a; Gruber et al., 2017b; Hudson et al., 2017; McCann et al., 2018). Thus, both 
processes may influence stress responses as well. Studies on the stress responses of 
captive-reared offspring from different populations could clarify this issue, as they have for 
many other traits within this species (Brown et al., 2015; Hudson et al., 2016b; Gruber et 
al., 2017a; Hudson et al., 2017).  
Regardless of the proximate mechanisms responsible, our data show striking 
divergences that have accumulated over <85 years. Cane toads in Australia exhibit stress 
responses very different from those seen in conspecifics from South America. Clearly, 
then, the toads have been able to rapidly modify their stress responses in ways that 
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plausibly assist them in dealing with novel abiotic challenges. This is an encouraging result 
in a world where many species are now encountering thermal and hydric conditions 
outside those they have experienced over recent centuries. If they are as flexible as cane 
toads, they may be able to deal with environmental change. On the other hand, successful 
invaders like the cane toad may exhibit higher levels of flexibility than most other species 
(Hudson et al., 2016a; Gruber et al., 2017b; Hudson et al., 2017; Kosmala et al., 2017; 
McCann et al., 2018; Shine, 2018) and thus, we need studies on a much wider range of 
taxa before we can predict general levels of flexibility in the stress response. 
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CHAPTER 6: Thin-skinned invaders: Geographic variation in 
the structure of the skin among populations of cane toads 
(Rhinella marina) 
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Abstract 
 
The skin is the first barrier against external threats to an organism, and the structure of the 
integument likely is under strong selection when a species is translocated from one 
climatic area to another. I quantified thickness of various layers of the skin in cane toads 
(Rhinella marina), by sampling individuals from the native range (Brazil), a stepping-stone 
population (Hawai’i) and across the species’ invaded range in Australia. Overall, the skin 
is thinner in cane toads in Australia than in the native range, especially on the ventral 
surface of the body. However, some layers of the skin that play an important role in 
regulating water exchange and movement of water within the body (stratum corneum and 
ground substance) are thicker not thinner in Australian toads. I interpret the overall 
thinning of the skin as an adaptation to hotter conditions in Australia (thereby facilitating 
evaporative cooling) and the thicker stratum corneum as a response that reduces water 
loss. Further work is needed to test those ideas, and to clarify the roles of adaptation versus 
phenotypic plasticity in generating the geographic variation that I observed. 
 
Key words: Bufo marinus | integument | stratum | water balance 
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Introduction 
 
The integument is an organism’s largest organ, and it is the envelope that maintains all the 
vital internal processes. The skin serves multiple functions (Vitt & Caldwell, 2013). Its 
colour influences courtship and reproduction, communication, camouflage and protection 
against predation (Rudh & Qvarnström, 2013; Teyssier et al., 2014; Kim & Velando, 
2014). Toxins are produced and stored in the skins of many species. The microbiota on and 
within the skin serve as an antimicrobial barrier. For amphibians, that are highly 
susceptible to external conditions, one of the most important functions of the skin is its role 
in hydroregulation – especially in hot dry climates (Brattstrom, 1979; Navas et al., 2007).  
From a physiological perspective, a living organism is a homeostatic island within a 
highly variable ocean. A wide range of processes regulate levels of physical and chemical 
traits inside the body to enable the individual to function (Heatwole & Barthalmus, 1994; 
Hill et al., 2004). As the interface between the organism and the external world, the skin 
plays a critical role in enabling that homeostasis. For example, the structure of skin affects 
rates of exchange of heat, water and gas between an animal and the environment 
(Lillywhite & Licht, 1974; Lillywhite, 1975; Bentley & Yorio, 1979; Heatwole & 
Barthalmus, 1994; Hill et al., 2004; Anderson et al., 2017). Reflecting that importance, 
much of the interspecific variation in skin structure within a phylogenetic lineage of 
terrestrial organisms can be linked to variation in the challenges posed by the habitats in 
which they live. For example, desiccating conditions may favour the evolution of thick 
(and thus relatively impermeable) skin (Bentley & Yorio, 1979; Toledo & Jared, 1993 b; 
Angilletta et al., 2002; Navas et al., 2004), or development of additional “waterproofing” 
layers (McClanahan et al., 1978; Christian & Parry, 1997; Angilletta, 2009). Many types 
of organisms can rapidly adjust the structure of the skin in ways that enable them to deal 
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with novel environmental challenges (e.g., fishes – Pickering & Richards, 1980; lizards – 
Kattan & Lillywhite, 1989; birds – Menon et al., 1996). 
Invasive species provide ideal model systems with which to explore organismal 
responses to environmental challenges (Mooney & Hobbs, 2000; Sax et al., 2007). In 
many cases, invaders encounter abiotic conditions within their new range that differ from 
those within the native range; and as a result, the ability to flexibly adjust to such 
challenges is key to invasion success (Hoffmann & Sgrò, 2011). Given the critical role of 
water balance in the biology of terrestrial amphibians, and the potential for high rates of 
evaporative water loss from their bodies (Bentley & Yorio, 1979; Jorgensen, 1997), one 
might expect the skin of an anuran to be under intense selection if the species involved is 
translocated from a mesic to an arid environment. The international diaspora of the cane 
toad (Rhinella marina, formerly Bufo marinus) provides an ideal example of such a 
transition; climatic conditions within the native range of this species (in Latin America) are 
moister and thermally equable than are many of the sites recently colonized within 
Australia (Tingley et al., 2014; Kosmala et al., in press; Chapter 4). Previous research on 
this species has revealed that many aspects of the toad’s phenotype (including morphology, 
behaviour and physiology) differ considerably across the toad’s now-extensive geographic 
range (Phillips et al., 2006; Brown et al., 2015; Hudson et al., 2016; Gruber et al., 2017). 
To evaluate whether this is true also of the structure of the skin, I examined samples of 
skin from toads collected over this range. 
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Materials and Methods 
 
Study Species 
Cane toads are large “true toads” (Bufonidae) native to Central and South America. Toads 
were initially translocated to Puerto Rico and Hawai’i, and thence to Australia, where 101 
toads were brought to Queensland in 1935 (Zug & Zug, 1979; Easteal, 1981; Sabath et al., 
1981; Easteal et al., 1985; Freeland & Martin, 1985; Lever, 2001). In Australia, cane toads 
have dispersed over a wide geographic range and into diverse habitats (Sabath et al., 1981; 
Easteal et al., 1985; Freeland & Martin, 1985; Phillips et al., 2006; Alford et al., 2009; 
Shine, 2010; Newell, 2011; Shine, 2018). 
 
Structure of Anuran Skin 
Like those of other terrestrial anurans, the skin of a cane toad can be separated into a series 
of layers, with different positions and structures and putatively, different functions (Vitt & 
Caldwell, 2013; Figure 1). The outermost layer is the Stratum corneum, made of 
keratinized dead cells, serving as a primary protection against desiccation and mechanical 
damage to the integument. Just below is the Stratum germinativum, responsible for 
producing cells to replace the Stratum corneum following moulting or injury (Elias & 
Shapiro, 1957; Vitt & Caldwell, 2013). These two layers form the epidermis, which is 
connected to the underlying dermis by a thin basement membrane (Elias & Shapiro, 1957; 
Vitt & Caldwell 2013). 
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Figure 1. Dorsal skin of Rhinella marina, stained with eosin and haematoxylin, with 4x 
augmentation.  
 
The top layer of the dermis is the Stratum spongiosum, containing integumentary structures 
such as blood vessels, mucus and granular glands and chromatophores (Elias & Shapiro, 
1957; Vitt & Caldwell, 2013). The lower portion of the Stratum spongiosum consists of a 
calcified 'Ground substance' (also known as Substantia amorpha) composed of 
mucopolysaccharides, calcium salts and proteins (Toledo & Jared, 1993). Ground 
substance is highly variable both intraspecifically and interspecifically, and often is not a 
well-defined layer (Sampson et al., 1987; Schwinger et al., 2001). The most basal layer of 
the dermis, the Stratum compactum, maintains the basic structure and form of the skin. The 
dermis is connected to the muscles by the Tela subcutanea, a thin membranous, grid-like 
layer of tissue (Elias & Shapiro, 1957; Vitt & Caldwell, 2013).  
 
Collection of Animals 
Toads were collected from the native range in Manaus, Amazonas (AM) and Alter do 
Chão, Pará (PA) in Brazil (BR), during January and February 2015. In Australia, I 
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collected toads from two sites in Western Australia (WA; Oombulgurri, Kununurra), two 
sites in the Northern Territory (NT; Katherine, Leaning Tree Lagoon), two sites in 
Queensland (QLD; Townsville, Charters Towers), and two sites in New South Wales 
(NSW; Brooms Head and Tabbimoble) from November 2014 to November 2015. Finally, I 
collected toads from two sites in Hawai’i (HI; Kailua-Kona and Hilo) in June and July 
2015. Climates and general environmental characteristics of the locations are summarised 
in Table 1 (see Kosmala et al. [2017], Chapter 2 for more detail). There was a lag period of 
~45 days between collection and skin sampling, as the animals were firstly used in the 
experiments described in the previous chapters, which were more sensitive to time, 
physiological manipulation and handling.  
 
Collection of Tissues 
Toads were euthanized in a bath of tricaine methanosulfate (MS222 – 1g/L solution). I 
used a round biopsy punch (4 mm diameter) to remove samples of skin from a central 
dorsal site and a central ventral site of each individual (for a total of 2 samples per 
individual). Samples were placed in eppendorf tubes filled with formalin (10% 
formaldehyde solution) for preservation. 
 
Staining with Hematoxylin and Eosin 
Fixed tissue was dehydrated through graded ethanol solutions, cleared in xylene and 
infiltrated with paraffin wax (performed on an automatic platform – Shandon, Excelsior, 
Thermo-Fisher Scientific). Samples were then sectioned at 4–7 µm and stained with 
hematoxylin–eosin (Bancroft & Gamble, 2008).  
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Table 1. Locations of collection and general climatic characteristics of those sites. 
*Köppen and Geiger Climate Classification System. Am = equatorial monsoonal, Af = 
equatorial fully humid, Aw = equatorial winter dry, BSh = arid steppe hot arid, Cfa = 
warm temperate fully humid hot summer. **Values in parentheses indicate range of mean 
monthly values for rainfall and temperature. NSW = New South Wales, NT = Northern 
Territory, QLD = Queensland, WA = Western Australia, BR = Brazil, HI = Hawai’i. 
Country  Population  Site  
Climate 
Classification 
Mean Annual 
Rainfall** 
Mean Annual 
Temperature** 
Australia NSW Broomshead Cfa 1471 mm  19.2°C  
    (49–188 
mm) (13.8–23.6°C) 
  Tabbimoble Cfa 1558 mm 19.4°C 
    (52–193 mm) (14.0–23.6°C) 
 NT Katherine Aw 1009 mm 27.5°C 
    (0–250 mm) (22.1–31.6°C) 
  Leaning Tree Aw 1500 mm 27.2°C 
    (1–364 mm) (23.9–29.4°C) 
 QLD Charters Towers BSh 692 mm 23.2°C 
    (8–142 mm) (17.3–27.4°C) 
  Townsville Aw 1111 mm 24.1°C 
    (9–275 mm) (19.0–27.6°C) 
 WA Kununura BSh 720 mm 28.8°C 
    (0–186 mm) (23.3–32.6°C) 
  Oombulgurri BSh 718 mm 29.4°C 
    (0–181 mm) (24.3–32.9°C) 
Brazil BR Manaus Am 2145 mm 27.4°C 
    (56 – 295 mm) (26.9–28.2°C) 
  Alter do Chão Am 1991 mm 25.9°C 
    (34 – 346 mm) (25.1–26.9°C) 
Hawai’i HI Hilo Af 3459 mm 23.1°C 
    (177 – 397 mm) (21.7–24.6°C) 
  Kailua-Kona Aw 862 mm 23.5°C 
    (55 – 88 mm) (22.0–24.9°C) 
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Measurements of Skin 
I measured depth of the skin layers from the stained slides using ImageJ (Rasband, 2014). I 
measured the epidermis and dermis layers, and within those, the stratum corneum, stratum 
granulosum + germinativum (combined due to the poor separation), stratum spongiosum, 
layer of ground substance and stratum compactum. For each layer, I took 10 measurements 
of thickness spread across the layer, and calculated an average thickness per layer. I also 
assigned a score for the density of material within the ground substance layer; density 
scores ranged from 1 (sparse) to 3 (dense). 
 
Analysis of Data 
To examine geographic variation in structure of the skin, I used the open-source software 
R to analyze the relationship between the thickness of skin layers and the geographic 
origin of the toads (R Development Core Team, 2013). Mean body masses of the toads did 
not vary significantly among countries (F2,69 = 0.84, P = 0.44) but the skin-layer 
thicknesses of toads were positively correlated with the toad’s body mass (all P < 0.0001) 
and thus, I included toad body mass as a covariate in my analyses of skin thickness. In 
initial analyses, I found that mean skin thickness did not differ significantly between male 
and female toads from any locality if I included body mass as a covariate (i.e., males and 
females differed in mean values for thickness of some layers, but this difference was 
apparently due to sexual size dimorphism rather than to sex-based differences per se). 
Thus, I did not include sex as a factor in my later analyses. 
To look at overall patterns in skin thickness on the dorsal and ventral sides of the 
body, I first performed a multivariate analysis of variance (MANOVA) with country of 
origin as the factor, body mass as the covariate, and the two measures of total skin 
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thickness (from dorsal and ventral surfaces) as the repeated measure. This analysis 
revealed a significant interaction between country and dorsal/ventral skin thickness (i.e., 
toads from different countries differed in relative thickness of dorsal vs. ventral skin), thus 
I proceeded to examined patterns in dorsal and ventral skin separately using separate 
ANCOVAs for each layer. These ANCOVAs used geographic origin as the factor, and a 
relevant size measurement (body mass/ total skin thickness/ thickness of the dermis or 
epidermis) as a covariate. The thickness of the specific layer was the dependent variable. I 
used post-hoc Tukey’s tests to identify which groups were significantly different.  
My initial analyses focused on spatial comparisons across the toads’ broad geographic 
range (Brazil vs. Hawai'i vs. Australia). I then focused on spatial patterns within Australia, 
comparing toads sampled from the four states comprising their range across the continent 
(QLD, NSW, NT, WA). For both sets of analyses I performed separate ANCOVAs for 
each dorsal and ventral skin layer measure, with body mass as the covariate and 
geographic location (either country, or state within Australia) as the factor. I accepted 
significance at a = 0.05 and inspected residuals from all analyses for violations of 
assumptions.  
Elsewhere (Chapter 4; Kosmala et al., in press), I measured water-exchange rates 
across the skin for the same individual animals from which I measured skin morphology. 
To clarify relationships between skin structure and function, I calculated Pearson 
correlations between each measure of skin layer thickness and measures of (i) skin 
resistance and (ii) rehydration rates. To adjust for the effects of body size, I performed 
Pearson correlations on residuals from regressions of skin layer thicknesses against total 
skin thickness, and from regressions of skin resistance and rehydration rate on body mass. 
Because skin resistance was measured from toads in water-conserving posture (WCP), 
where only the dorsal surface was exposed to the air (Chapter 4; Kosmala et al., in press; 
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Christian et al., 2017), I correlated skin resistance residuals with residual measures of 
dorsal (not ventral) skin. Likewise, because toads rehydrated using pelvic skin patches, I 
correlated rehydration rate residuals with residual measures of ventral (not dorsal) skin. 
Finally, I performed non-parametric correlations (Spearman’s correlation test) between 
each residual skin layer measure (from regressions against total thickness) and climate 
variables in order to understand the relationship between relative layer thickness and the 
climatic conditions. I also incorporated four climatic variables (average, minimum, 
maximum daily air temperatures and mean annual rainfall) into a single composite variable 
using Principal Component Analysis. I then performed non-parametric correlations 
between this principal component and each measure of residual skin thickness. 
 
 
Results 
 
Overall Thickness of the Skin 
In general, Australian toads had thinner skin than did either Brazilian and Hawai’ian toads, 
on both the dorsal and ventral surface (Figure 2a, Table 2; Table SI1). On the dorsal 
surface of the body, Hawai’ian toads had significantly thicker skin than did Australian 
toads, with intermediate skin thickness in Brazilian toads. Differences in thickness of the 
ventral skin were more pronounced; Brazilian toads had the thickest ventral skin, and 
Australian toads the thinnest (all post-hoc comparisons have P < 0.05; Figure 2a, Tables 2 
and 3; Table SI1).   
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Figure 2. Thickness of layers of the skin of cane toads collected in Brazil, USA (Hawai’i) and 
Australia. Letters represent significantly different groups, obtained with post-hoc Tukey’s test of 
the ANCOVAs. Regular-font letters represent post-hoc of dorsal skin/ layers, while italic letters 
represent post-hoc of ventral skin/ layers. 
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Table 2. Results of MANOVA comparing thickness of dorsal and ventral skin between 
cane toads from three countries (Brazil, Hawai’i, Australia). Bold font indicates significant 
values. 
 Variable DF Sum Sq Mean Sq F-value P-value 
Dorsal 
total 
thickness 
Country 2,66 0.071 0.035  4.55 0.014 
Mass 1,66 0.10 0.104 13.35 0.0005 
Country*Mass 2,66 0.008 0.004  0.50 0.61 
Ventral 
total 
thickness 
Country 2,66 0.02 0.012  2.02   0.14  
Mass 1,66 0.14 0.14 23.41 8.20e-06 
Country*Mass 2,66 0.006 0.003  0.52   0.59   
 
 
Patterns in skin thickness were more complex within Australia (Tables 4 and 5; Table SI2). 
Toads from the Northern Territory and New South Wales had the thickest skins, both 
dorsally and ventrally (Figure 3a, Table 5; Table SI2).  
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Table 3. Results table for ANCOVAs comparing thickness of skin layers between cane 
toads from three countries (Brazil, Hawai’i, Australia). Bold font indicates significant 
values. 
Side Layer Variable DF F-ratio P-value 
 
Dorsal Total 
Country 2,66 2.39 0.099 
Mass 1,66 23.61 <0.0001 
Country*Mass 2,66 1.15 0.324 
Epidermis 
Country 2,66 0.13 0.875 
Dorsal thickness 1,66 27.21 <0.0001 
Country*Dorsal thickness 2,66 0.01 0.986 
Stratum 
corneum 
Country 2,66 0.05 0.948 
Dorsal Epidermis 1,66 020 0.655 
Country*Dorsal Epidermis 2,66 0.004 0.996 
Stratum 
germinativum 
Country 2,66 0.24 0.789 
Dorsal Epidermis 1,66 332.93 <0.0001 
Country*Dorsal Epidermis 2,66 0.03 0.973 
Dermis 
Country 2,66 0.13 <0.0001 
Dorsal thickness 1,66 14675.56 <0.0001 
Country*Dorsal thickness 2,66 0.014 0.986 
Stratum 
spongiosum 
Country 2,66 0.85 0.433 
Dorsal Dermis 1,66 34.97 <0.0001 
Country*Dorsal Dermis 2,66 2.29 0.109 
Ground 
substance 
Country 2,66 0.07 0.932 
Dorsal Dermis 1,66 5.21 0.026 
Country*Dorsal Dermis 2,66 0.48 0.624 
Density 
Score 
Country 2,66 0.69 0.50 
Dorsal Dermis 1,66 6.49 0.013 
Country*Dorsal Dermis 2,66 1.64 0.201 
Stratum 
compactum 
Country 2,66 0.22 0.800 
Dorsal Dermis 1,66 56.67 <0.0001 
Country*Dorsal Dermis 2,66 1.84 0.167 
 
Ventral Total 
Country 2,66 6.36 0.03 
Mass 1,66 77.89 <0.0001 
Country*Mass 2,66 1.48 0.235 
Epidermis 
Country 2,66 0.12 0.891 
Ventral thickness 1,66 28.52 <0.0001 
Country*Ventral thickness 2,66 2.14 0.126 
Stratum 
corneum 
Country 2,66 0.10 0.903 
Ventral Epidermis 1,66 0.74 0.392 
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Country*Ventral Epidermis 2,66 0.41 0.665 
Sratum 
germinativum 
Country 2,66 1.00 0.374  
Ventral Epidermis 1,66 454.77 <0.0001 
Country*Ventral Epidermis 2,66 2.75 0.072 
Dermis 
Country 2,66 0.12 0.891 
Ventral thickness 1,66 16134.58 <0.0001 
Country*Ventral thickness 2,66 2.14 0.126 
Stratum 
spongiosum 
Country 2,66 2.40 0.099 
Ventral Dermis 1,66 148.99 <0.0001 
Country*Ventral Dermis 2,66 0.92 0.403 
Ground 
substance 
Country 2,66 2.44 0.095 
Ventral Dermis 1,66 4.89 0.030 
Country*Ventral Dermis 2,66 2.34 0.104 
Density 
Score 
Country 2,66 9.61 0.0002 
Ventral Dermis 1,66 7.26 0.009 
Country*Ventral Dermis 2,66 11.75 <0.0001 
Stratum 
compactum 
Country 2,66 2.50 0.0900 
Ventral Dermis 1,66 175.26 <0.0001 
Country*Ventral Dermis 2,66 1.04 0.360 
 
Table 4. Results of MANOVAs comparing thickness of dorsal and ventral skin between 
cane toads from four regions (states) within Australia. Bold font indicates significant 
values. 
 Variable DF Sum Sq Mean Sq F-value P-value 
Dorsal 
total 
thickness 
State 3,40 0.03 0.011  1.51 0.23 
Mass 1,40 0.045 0.045 6.08 0.018 
State*Mass 3,40 0.034 0.011  1.56 0.21 
Ventral 
total 
thickness 
State 3,40 0.057 0.019  3.40  0.03   
Mass 1,40 0.036 0.036 6.35 0.016 
State*Mass 3,40 0.23 0.003 0.51  0.68  
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Table 5. Results table for ANCOVAs of skin layers by Australian state. comparing 
thickness of skin layers between cane toads from four regions (states) within Australia. 
Bold font indicates significant values. 
Side Layer Variable DF F-ratio P-value 
 
Dorsal Total 
State 3,40 2.16 0.108 
Mass 1,40 8.14 0.007 
State*Mass 3,40 1.54 0.220 
Epidermis 
State 3,40 1.39 0.260 
Dorsal thickness 1,40 37.48 <0.0001 
State*Dorsal thickness 3,40 1.62 0.200 
Stratum 
corneum 
State 3,40 1.01 0.399 
Dorsal Epidermis 1,40 0.29 0.591 
State*Dorsal Epidermis 3,40 1.40 0.258 
Stratum 
germinativum 
State 3,40 3.70 0.019 
Dorsal Epidermis 1,40 279.01 <0.0001 
State*Dorsal Epidermis 3,40 4.12 0.012 
Dermis 
State 3,40 1.39 0.260 
Dorsal thickness 1,40 11959.16 <0.0001 
State*Dorsal thickness 3,40 1.62 0.200 
Stratum 
spongiosum 
State 3,40 2.95 0.044 
Dorsal Dermis 1,40 55.41 <0.0001 
State*Dorsal Dermis 3,40 2.56 0.068 
Ground  
substance 
State 3,40 2.18 0.105 
Dorsal Dermis 1,40 10.05 0.003 
State*Dorsal Dermis 3,40 3.13 0.036 
Density  
Score 
State 3,40 1.13 0.350 
Dorsal Dermis 1,40 29.21 <0.0001 
State*Dorsal Dermis 3,40 1.56 0.213 
Stratum  
compactum 
State 3,40 0.50 0.686 
Dorsal Dermis 1,40 14.14 0.0005 
State*Dorsal Dermis 3,40 0.18 0.911 
 
Ventral Total 
State 3,40 0.16 0.923 
Mass 1,40 14.94 0.0004 
State*Mass 3,40 0.03 0.993 
Epidermis 
State 3,40 0.80 0.504 
Ventral thickness 1,40 29.51 <0.0001 
State*Ventral thickness 3,40 0.89 0.457 
Stratum  
corneum 
State 3,40 0.91 0.445 
Ventral Epidermis 1,40 4.99 0.031 
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State*Ventral thickness 3,40 0.77 0.520 
Stratum 
germinativum 
State 3,40 1.96 0.14 
Ventral Epidermis 1,40 214.47 0.0001 
State*Ventral Epidermis 3,40 2.07 0.120 
Dermis 
State 3,40 0.80 0.504 
Ventral thickness 1,40 8234.71 <0.0001 
State*Ventral thickness 3,40 0.89 0.457 
Stratum 
spongiosum 
State 3,40 1.41 0.255 
Ventral Dermis 1,40 75.83 <0.0001 
State*Ventral Dermis 3,40 2.40 0.082 
Ground  
substance 
State 3,40 0.23 0.875 
Ventral Dermis 1,40 0.21 0.653 
State*Ventral Dermis 3,40 0.42 0.741 
Density Score 
State 3,40 0.58 0.634 
Ventral Dermis 1,40 17.71 0.0001 
State*Ventral Dermis 3,40 0.44 0.723 
Stratum  
compactum 
State 3,40 1.42 0.251 
Ventral Dermis 1,40 125.90 <0.0001 
State*Ventral Dermis 3,40 2.76 0.054 
 
 
Layers Within the Dorsal Skin 
The thickness of individual layers generally followed the same pattern as seen for overall 
skin thickness (thinner in Australian toads than in those from other countries; Figure 1, 
Table 2, Table SI1). However, Hawai’ian toads exhibited thicker dorsal epidermis and 
dermis than did either Brazilian or Australian toads. Despite their thinner dorsal skin, 
Australian toads had relatively thick dorsal epidermis (8.7% of total dorsal skin thickness, 
vs. 7.6% in Brazil and 7.9 % in Hawai’i). Dorsal dermis represented 92.4%, 92.1% and 
91.3% of total dorsal skin thickness for Brazilian, Hawai’ian and Australian toads 
respectively. 
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Figure 3. Thickness of layers of the skin of cane toads collected from four geographic regions 
(states) within Australia. Letters represent significantly different groups, obtained with post-hoc 
Tukey’s test of the ANCOVAs. Regular-font names represent dorsal skin/ layers, while italic 
names represent ventral skin/ layers.  
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Within Australia, toads from the Northern Territory had the thickest dorsal skin 
(Figure 3a; Table SI2) but the lowest proportional thickness of the epidermis (ratio of 
epidermis to total dorsal skin = 7.5%, vs. 9.8%, 9.3% and 8.8% in WA, QLD and NSW 
respectively). Thus, the thicker skins of NT toads were primarily due to thickening of the 
dermis.  
 
Layers Within the Ventral Skin 
Brazilian toads had thicker ventral skin than did conspecifics from either Hawai’i or 
Australia (Figure 2a, b & e; Table SI1), due almost entirely to thickening of the dermis 
rather than epidermis (ratio of epidermis thickness to total ventral skin thickness = 6.4%, 
vs. 11.8% in Australia. As for the dorsal skin, NT toads had the thickest ventral skin within 
Australia, again due to thickening of the dermis rather than the epidermis (Figure 3a, b & 
e; Table SI2).  
 
Correlations Between Density and Thickness Within Ground Substance 
Within the Stratum spongiosum, the thickness and density score of the Ground Substance 
were not significantly correlated (Pearson’s correlation test, Dorsal r = 0.05, t = 0.39, P = 
0.70, 95% confidence interval = -0.19 to 0.28; Ventral r = -0.05, t = -0.41, P = 0.70, 95% 
confidence interval = -0.28 to 0.19). That is, thicker layers did not correspond to denser 
layers. Australian toads had significantly denser ventral Ground Substance than did 
Brazilian conspecifics (Table 3) but the mean density of the dorsal Ground Substance did 
not differ significantly between populations. In comparisons restricted to data from 
Australian populations, density and thickness of Ground Substance were also not 
significantly correlated (Pearson’s correlation test, Dorsal r = 0.02, t = 0.16, P = 0.87, 95% 
confidence interval = -0.26 to 0.39; Ventral r = -0.15, t -1.032, P = 0.31, 95% confidence 
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interval = -0.42 to 0.14). The dorsal Ground Substance was denser in toads from 
Queensland than from conspecifics from WA or NT, but not significantly different from 
that seen in NSW toads (Figure 3g, Table 5). In the ventral Ground Substance, mean 
density was similar among the populations (Figure 3g, Table 5).  
 
Correlations Between Skin Structure and Rates of Water Exchange 
I tested the correlation between skin resistance to water evaporation (the latter as measured 
by Kosmala et al., in press: see Chapter 4), and found that skin resistance was positively 
associated with thickness of the dorsal Stratum corneum (r = 0.30, n = 45, P < 0.05; Table 
SI 3) and negatively correlated with thickness of the dorsal Stratum compactum (r = -0.32, 
n = 45, P < 0.05). All other thicknesses were not significantly correlated with skin 
resistance to water loss (all P > 0.05). 
Rates of rehydration (also from Kosmala et al., in press: and see Chapter 4) were not 
significantly correlated with thickness of any of the skin layers (all P > 0.05, Table SI4).  
 
Correlations Between Skin Structure and Climate Variables 
The density score for the ventral Ground Substance was significantly correlated with mean 
annual rainfall at the collection site (Spearman’s r =-0.3081, P = 0.023). Density of the 
ventral Ground Substance and thickness of the ventral Stratum compactum were both 
correlated with mean temperature (r = -0.35, P = 0.0097; r = 0.289, P = 0.035) and mean 
minimum temperature (r = -0.36, P = 0.008; r = 0.35, P = 0.009 respectively), and mean 
maximum temperature was also correlated with density of the ventral ground substance (r 
= -0.30, P = 0.027).  
The first principal component (PC1) formed by the four climatic variables 
explained 68.2% of the observed variation and described hot dry environments. PC1 had 
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high positive loadings on the three temperature variables (all > 0.51) and a negative 
loading for rainfall (-0.24). PC1 was negatively correlated with ventral ground substance 
thickness (r = -0.32, P = 0.021). 
 
 
Discussion 
 
The skin serves as the first defence against external threats and is likely to be under intense 
selection in amphibians. In this study, I investigated the structure of skin from Rhinella 
marina in populations across much of its global range. As a general rule, toads from 
invasive populations within Australia had thinner skin, both dorsally and especially 
ventrally, than did toads within the native range. That shift was due primarily to a 
reduction in the dermis rather than the epidermis (and thus, Australian toads had thicker 
epidermis relative to dermis than did Brazilian and Hawai’ian toads). The epidermis 
(especially the keratinised Stratum corneum) tends to be associated with protection against 
dehydration (Alibardi, 2003; Vitt & Caldwell, 2013). Consistent with that inference, I 
found that toads with a thicker Stratum corneum had higher resistance to water loss 
(Kosmala et al., in press; Chapter 4). Australian toads also had a relatively thick layer of 
Ground Substance relative to overall thickness of the dermis (29.3% of the thickness of the 
dorsal dermis and 27.2% of the thickness of the ventral dermis, vs. 22.5% and 22.7% for 
Brazilian toads). The Ground Substance also may protect against dehydration (Elkan, 
1976; Kolbert & Linsenmair, 1986), by binding water molecules (Rogers, 1961). In 
summary, then, Australian toads have thinner skins overall, but thicker layers that resist 
water loss. 
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What selective forces and/or phenotypically plastic responses may have generated 
these patterns of geographic variation in morphology of the skin? The overall thinning may 
facilitate evaporative water loss in the very hot conditions experienced by Australian toads; 
my laboratory studies of heating rates have confirmed that toads can utilize evaporation in 
this way (Chapter 4). That pattern is consistent with the thinner skin of Australian toads 
overall, but does not explain the variation in skin thickness among populations of 
Australian toads. For example, toads from NSW exhibited thicker skin than did toads from 
the hotter region of QLD; whereas toads from the NT (where it is hot year-round) 
exhibited relatively thick skins. However, toads from NSW were found to have thicker 
stratum corneum than did NT toads, a difference likely to highly influence the rates of 
evaporative water loss and use of evaporation as cooling (because it is a keratinized layer 
with impermeable properties).  
In Brazil, toads are found in habitats with high humidity and ready availability of 
water (Tingley et al., 2014). Their thick ventral skin (mostly due to thickening of the 
dermis) fits well with their high rates of rehydration (Kosmala et al., in press; Chapter 4). 
The dermis houses blood vessels, glands and Ground Substance, plausibly enhancing the 
ability to take up water from the substrate by increasing blood flow and storing water 
within the skin. In the environments occupied by cane toads within their native range, low 
skin resistance to water evaporation (as described by Kosmala et al., in press; Chapter 4) 
likely enhances survival. The toads’ translocation to more severe climatic conditions in 
Australia has resulted in complex changes to that ancestral condition. Based on the 
transition in skin thickness from Brazil to Australia, I might have expected a continuing 
reduction in skin thickness within Australia as the toads colonized hotter more arid 
environments. Instead, I saw a pattern whereby toads in an intermediate climatic zone (NT) 
had the thickest skin, both dorsally and ventrally. 
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Thus, overall skin thickness appears to have increased during the toads’ invasion from 
Queensland into the Northern Territory, but then decreased again as the toads moved even 
further west into the highly arid Kimberley region of Western Australia. That secondary 
thinning may reflect thermal rather than hydric challenges. The area experiences very high 
temperatures, putatively favouring an ability to retard heating rates via evaporation 
(Chapter 4). The resulting inability to maintain water stores may seem to confer a strong 
disadvantage, but in fact cane toads in highly arid regions spend most of their time close to 
waterbodies, minimizing the importance of physiological control over rates of desiccation 
(Tingley & Shine, 2011). Thus, behavioural shifts could buffer the selective pressures 
associated with a change in skin morphology, such that shifts in skin morphology enhance 
organismal fitness only when climatic divergence is so extreme that behavioural 
modulation is not enough. 
In summary, the morphology of the skin in cane toads shows extensive geographic 
variation, both among countries and within Australia. I do not know how much of that 
variation is adaptive (genetically based) or a phenotypically plastic response to local 
climatic conditions. Neither do I know the exact nature of benefits and costs associated 
with variation in skin morphology. It is clear, however, that this highly successful invasive 
species has been able to make substantial adjustments to its integument in the course of its 
international diaspora. 
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Supporting Information 
 
Table S1. Mean ± standard deviation of thickness of skin layers for toads from Australia, 
Brazil and United States (Hawai’i). Measurements in µm. 
Layer  Australia N = 48 
Brazil 
N = 12 
United States 
N = 12 
Total 
Thickness 
Dorsal 4.447±1.542 5.199±1.488 5.993±1.288 
Ventral 3.296±1.278 6.255±2.296 4.672±1.062 
Epidermis 
 
Dorsal 0.387±0.093 0.393±0.103 0.472±0.095 
Ventral 0.390±0.084 0.399±0.108 0.440±0.084 
Stratum 
corneum 
Dorsal 0.147±0.222 0.087±0.020 0.087±0.021 
Ventral 0.096±0.022 0.083±0.009 0.086±0.020 
Stratum 
germinativum 
Dorsal 0.285±0.084 0.308±0.087 0.371±0.081 
Ventral 0.287±0.076 0.327±0.114 0.356±0.088 
Dermis 
Dorsal 4.060±1.479 4.806±1.427 5.521±1.240 
Ventral 2.906±1.220 5.856±2.244 4.233±1.009 
Stratum 
spongiosum 
Dorsal 2.160±0.927 1.874±0.666 2.511±0.809 
Ventral 1.536±0.638 2.761±1.271 1.503±0.574 
Ground 
Substance 
Dorsal 1.189±0.780 1.082±0.575 0.930±0.718 
Ventral 0.791±1.057 1.327±1.285 0.426±0.301 
Density 
Score 
Dorsal 2.313±0.748 2.167±0.718 2.500±0.674 
Ventral 2.500±0.583 2.083±0.289 2.250±0.622 
Stratum 
compactum 
Dorsal 1.909±0.863 3.045±1.043 3.016±0.841 
Ventral 1.364±0.708 3.058±1.101 2.718±0.645 
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Table S2. Mean ± standard deviation of thickness of skin layers for toads from Australian 
states (WA = Western Australian, NT = Northern Territory, QLD = Queensland, NSW = 
New South Wales). Measurements in µm. 
Layer  WA N = 12 
NT 
N = 12 
QLD 
N = 12 
NSW 
N = 12 
Total 
Thickness 
Dorsal 3.777±1.668 5.735±1.647 3.864±1.111 4.411±0.873 
Ventral 2.722±0.915 4.465±1.622 2.686±0.641 3.310±0.919 
Epidermis 
Dorsal 0.369±0.103 0.428±0.070 0.360±0.102 0.390±0.091 
Ventral 0.356±0.078 0.436±0.084 0.356±0.078 0.410±0.072 
Stratum 
corneum 
Dorsal 0.146±0.171 0.093±0.014 0.088±0.023 0.261±0.399 
Ventral 0.098±0.029 0.091±0.016 0.097±0.018 0.096±0.024 
Stratum 
germinativum 
Dorsal 0.264±0.106 0.329±0.069 0.271±0.081 0.274±0.069 
Ventral 0.255±0.085 0.338±0.075 0.251±0.053 0.304±0.058 
Dermis 
Dorsal 3.408±1.601 5.307±1.599 3.504±1.033 4.021±0.815 
Ventral 2.366±0.862 4.029±1.564 2.330±0.593 2.900±0.876 
Stratum 
spongiosum 
Dorsal 1.877±0.690 2.552±1.246 2.013±0.883 2.198±0.767 
Ventral 1.204±0.257 1.974±0.831 1.261±0.442 1.703±0.586 
Ground 
Substance 
Dorsal 0.855±0.626 1.494±1.051 1.305±0.793 1.100±0.479 
Ventral 0.370±0.241 0.711±0.508 0.879±0.918 1.204±1.796 
Density 
Score 
Dorsal 2.083±0.900 2.00±0.739 2.750±0.452 2.417±0.669 
Ventral 2.667±0.651 2.250±0.622 2.750±0.452 2.333±0.492 
Stratum 
compactum 
Dorsal 1.740±0.949 2.679±0.698 1.467±0.783 1.751±0.512 
Ventral 1.205±0.661 2.024±0.855 1.038±0.409 1.191±0.394 
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Table S3. Correlation between skin resistance to water exchange and thickness of dorsal 
skin layers, based on 45 cane toads for which I assessed both water-exchange rates and 
skin morphology. The residuals score refers to the residual from the linear regression of (1) 
resistance to water loss vs. toad body mass, and (2) skin-layer thickness against toad body 
mass. 
by Variable Variable Correlation t-value P-value 
Residuals ln 
Skin 
Resistance 
Residuals dorsal Epidermis 0.078 0.528 0.5997 
Residuals dorsal Stratum corneum 0.304 2.142 0.03767 
Residuals dorsal Stratum germinativum -0.020 -0.135 0.8932 
Residual dorsal Dermis -0.196 -1.342 0.1865 
Residuals dorsal Stratum spongiosum 0.022 0.149 0.8823 
Residuals dorsal Ground Substance 0.239 1.655 0.1049 
Residuals dorsal Stratum compactum -0.319 -2.255 0.029 
 
 
Table S4. Correlation between rehydration rates and thickness of ventral skin layers, based 
on 45 cane toads for which I assessed both rehydration rates and skin morphology. The 
residuals score refers to the residual from the linear regression of (1) rehydration rate vs. 
toad body mass, and (2) skin-layer thickness against toad body mass. 
by Variable Variable Correlation t-value P-value 
Residuals ln 
Rehydration 
Rates 
Residuals ventral Epidermis -0.161 -1.093 0.2802 
Residuals ventral Stratum corneum -0.228 -1.569 0.1237 
Residuals ventral Stratum germinativum -0.041 -0.272 0.7866 
Residuals ventral Dermis 0.200 1.369 0.1779 
Residuals ventral Stratum spongiosum 0.2250 1.549 0.1285 
Residuals ventral Ground Substance 0.015 0.102 0.9191 
Residuals ventral Stratum compactum 0.103 0.697 0.4894 
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CHAPTER 7: Colonization history affects heating rates of 
invasive cane toads 
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Abstract 
 
Amphibians in hot climates may be able to avoid high temperatures by controlling their 
rates of heating. In tropical Australia, invasive cane toads (Rhinella marina) experience hot 
dry conditions in newly-colonized (western) sites but not in longer-occupied (eastern) 
sites. Under standardized conditions, toads from western sites heated less rapidly than did 
conspecifics from an eastern site. The availability of free water slowed heating rates of 
eastern but not western toads. Thus, the colonization of climatically extreme sites has been 
accompanied by a rapid shift in the toads’ ability to remain cool under hot conditions, even 
when free water is not available. 
 
Key words: adaptation | Bufo marinus | hydroregulation | thermoregulation | rapid evolution 
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Introduction 
 
Organisms maintain their body temperatures and hydric levels within narrow ranges 
relative to ambient conditions, and do so by a combination of behavioural, physiological 
and morphological traits (Schmidt-Nielsen, 1997). For many types of animals, behavioural 
selection of appropriate microhabitats may be critical. For example, most adult anuran 
amphibians are nocturnally active, avoiding diurnal thermal conditions by remaining 
within moist and shaded retreat-sites by day (e.g., Schwarzkopf & Alford, 1996; Seebacher 
& Alford, 2002). If such sites are scarce, however, physiological control over the rate of 
heating may enable an anuran to keep its body temperature below lethal levels (Lillywhite, 
1970; Lillywhite & Licht, 1974; Sinsch, 1989). If the newly-invaded habitat is dry as well 
as hot, that physiological control over heating rate ideally should not depend upon access 
to free water. In moister regions, in contrast, increased rates of evaporative water loss may 
be an effective way to avoid lethal temperatures (Lillywhite, 1970; Lillywhite & Licht, 
1974; Sinsch, 1989). 
The invasion of cane toads through tropical Australia provides an ideal model system 
with which to explore these ideas. The toads were released in 1935 along the well-watered 
coast of northeastern Australia, where temperatures are relatively mild and rainfall is 
plentiful year-round (e.g., Townsville, Queensland – 0 months per year with average 
maximum temperature >30°C; 4 months with rainfall <25 mm: Climate-data.org). The 
westwards invasion of this species has taken them into hotter and seasonally arid regions to 
the northwest (e.g., Kununurra, Western Australia – 6 months per year with average 
maximum temperatures >30°C; 7 months with rainfall <25 mm: Climate-data.org). Toads 
in long-colonized areas of eastern Australia are relatively sedentary and frequently re-use 
the same diurnal refuges (Schwarzkopf & Alford, 1996; Seebacher & Alford, 1999, 2002) 
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whereas toads at the western invasion front disperse whenever conditions allow it, 
sheltering by day under superficial vegetation and rarely re-using diurnal retreat-sites 
(Alford et al., 2009; Pizzatto et al., 2017). Many potential shelter sites in northwestern 
Australia reach lethally high temperatures (Jessop et al., 2013), forcing toads to abandon 
such shelters in search of water sources even if such dispersal is highly risky by day (Webb 
et al., 2014). In summary, exposure to hot dry conditions may imperil survival of toads in 
northwestern Australia, but it is unlikely to be as serious a challenge in northeastern 
Australia. If toads are capable of physiological control over their rates of heating, I predict 
that individuals from cooler and moister eastern populations will heat up more rapidly than 
do conspecifics from the hotter and drier western populations. Also, I predict that toads 
from eastern populations will utilize water for evaporative cooling and hence will heat up 
less rapidly if they have access to free water whereas the western toads will not depend on 
water to control heating. 
 
 
Materials and Methods 
 
I hand-collected adult toads (n = 8 individuals per site) from four sites across the toads’ 
tropical range within Australia, from Townsville in the east (GPS coordinates: -19.26, 
146.82, 14 m altitude) to Richmond (-20.73, 143.14, 218 m altitude), Middle Point (-12.56, 
131.33, 12 m altitude) and Kununurra (-15.78, 128.74, 49 m altitude) in the west. That 
transect spans the toads’ 80-year invasion history. Although both temperatures and 
precipitation exhibit a general east-west cline, the greatest disparities lie between the 
easternmost site (Townsville) and the three other sites (Figure 1). I recorded toad mass 
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(after gently squeezing the animal in a standardized manner to induce it to empty its 
bladder) and snout-vent length (SVL) immediately before conducting the trials.  
Toads were not fed for three days prior to experiments, to ensure they would not 
defecate during the experiment and minimize variability due to stomach content. Toads 
from all four populations were housed in a room kept at 18°C, then moved concurrently to 
a temperature-controlled room set at 37°C. All toads were in separate containers 
(ventilated plastic boxes of 1-L capacity), half of which had dry paper towel as substrate 
whereas the other half had 40 mL of water, enough to keep the ventral portion of the body 
moist but not the rest of the body. 
I measured toad body temperatures at the beginning, and after 20 min and 40 min, 
using an infrared thermometer (Digitech QM7215) held ~10 cm from the toad’s dorsal 
surface. At the beginning and end of the experiment I also measured internal temperatures 
with a cloacal probe (Digitech QM7215 with probe attachment), to check that my 
measurements of external body temperature offer robust estimates of internal temperature 
also. Cloacal temperatures were taken within 10 s of each toad’s removal from the 
container. After a trial, toads were kept at a temperature of 25°C, allowed to fully hydrate 
and monitored for wellbeing during recovery. No adverse effects of the trials were evident.  
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Figure 1. Mean climatic conditions in the four sites from which I collected cane toads (Rhinella 
marina) for use in in laboratory trials. Lines correspond to maximum (thick), mean (dashed) and 
minimum (thin) temperatures throughout the year, while bars represent the total rainfall for each 
month.  Data from climate-data.org.  
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I analysed the data on rates of heating using repeated-measures ANOVA in JMP Pro 
13.0 (SAS Institute, Cary, NC), with population, toad sex and wet/dry treatment as factors, 
toad initial body mass as a covariate, and time (0, 20, 40 min) as the repeated measure. The 
data conformed to assumptions of normality and variance homogeneity. I deleted non-
significant interactions terms and recalculated main effects. I used Pearson product-
moment correlations to assess relationships between pairs of variables (internal vs. external 
body temperature; climatic variables vs. heating-rate variables).  
 
 
Results 
 
Mean body masses of toads were greater for females than for males (mean masses 177.7 
vs. 129.4 g respectively; F1,31 = 9.42, P = 0.008) but did not differ significantly among 
sites (range of mean body masses: 126.0 to 184.9 g; F3,31 = 2.81, P = 0.06; range of mean 
SVLs 109.5 to 122. 4 mm; F3,31 = 2.61, P = 0.07). I included sex and initial body mass as a 
factor and as a covariate respectively in my analyses because sex influenced mass, and 
mass influenced the rate of heating (temperature at 20 min into the trials [but not at 0 or 40 
min] declined with toad mass [r2 = 0.20, n = 32, P < 0.01]). 
On average, toads heated from 17.9 to 30.2°C over the 40-minute trials (Figure 2). 
External body temperatures were highly correlated with simultaneously-measured internal 
temperatures on the same toads (r2 = 0.96; F1,32 = 1668.9, P < 0.0001).  
Although all toads commenced trials at the same temperatures, individuals from the 
easternmost population (Townsville) heated faster than did toads from other populations 
(Figure 2), especially if they had no access to free water (Figure 2b). Analysis confirmed 
that populations differed in heating rates (interaction population*time, F6,44 = 3.34, P < 
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0.01) and in the response of heating rate to water availability (interaction 
population*wet/dry, F3,22 = 3.33, P < 0.04).  
 
 
Figure 2. Body temperatures of cane toads (Rhinella marina) in laboratory trials in which the 
animals were transferred from cool to hot conditions. Symbols are displaced along the X-axis to 
avoid overlap. Toads were sourced from four locations with different climates; the fastest rates of 
heating were seen in toads from Townsville, the coolest and wettest site. 
The magnitude of the thermal disparity of wet vs. dry treatments among sites was 
more highly correlated with the mean maximum temperature of the regions where toads 
were collected (n = 12, Pearson’s r = -0.76, P = 0.004) than with minimum temperatures, 
annual precipitation, or number of rainy days per year (all P > 0.34). 
 
 
Discussion 
 
The heating rates of toads largely conformed to my predictions. Toads from a population 
that experiences relatively cool moist conditions (Townsville) heated faster than did 
conspecifics from hotter drier locations, and this disparity was greatest if the toads did not 
have access to free water (Figure 2). Those patterns are consistent with the hypothesis that 
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anurans can exert some level of control over heating rates, and that this ability is most 
developed in animals from climates where hot and dry conditions imperil organismal 
viability. The disparity in heating rates between Townsville toads with versus without 
access to free water suggests that if water is available, these animals use it to increase 
evaporation rates from the skin surface and hence, slow down their rate of heating. 
Interestingly, however, no such disparity was evident in conspecifics from hotter drier 
climates (Figure 2). In the hot dry landscapes of northwestern Australia, water reserves are 
critical to toad survival (Tingley & Shine, 2011; Webb et al., 2016) and thus, toads may 
benefit from an ability to curtail heating rates without expending water in the process. 
The challenges of finding cool moist diurnal retreat sites may be greater for 
individuals at the expanding range edge of a biological invasion, than it is for philopatric 
individuals in long-established populations. Living in the same area for a long period 
allows an organism to learn the location of suitable shelter-sites, whereas a recently-arrived 
organism at an invasion front has no such opportunity. As a result, individuals that are at 
the forefront of an invasion (or are translocated) may be forced to utilize retreats that 
provide less-than-optimal thermal regimes. Radiotelemetric studies of cane toads have 
shown that individuals encountering novel habitats tend to shelter in more superficial 
(exposed) sites (Brown et al., 2006), and hence exhibit higher body temperatures than do 
philopatric conspecifics (Pettit et al., 2016). That situation may exacerbate the thermal and 
hydric challenges that a colonizing toad encounters as the invasion front moves into hot 
dry climates (as is occurring in north-western Australia). 
Although I cannot directly test a role for environmental conditions in driving these 
geographically divergent responses, I note that the disparity in heating rates between “wet” 
versus “dry” treatments was much higher in toads from Townsville versus other locations 
(at 40 min, means of 1.9 vs. <0.5°C; see Figure 2).  
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My data do not reveal the proximate mechanisms by which toads control rates of 
heating. Because the small size of the experimental enclosures gave minimal opportunities 
to manipulate heating rates by behavioural adjustments, morphological and/or 
physiological mechanisms are likely to be involved. My measurements of skin thickness 
have revealed strong geographic heterogeneity in this trait, but with no close 
correspondence to the geographic variation in heating rates documented in the current 
paper (Kosmala et al., in prep). Physiological mechanisms may be more important. For 
example, decreases in heartrate or shifts in blood flow (away from peripheral vessels) 
might reduce rates of heat uptake (as in Franklin & Seebacher, 2003). Future work could 
usefully explore the mechanisms by which toads can control their own rates of heating; 
and also, whether the geographic divergence in heating rate, and in the effect of water 
availability on heating rate, are driven by adaptation (via genetic and/or epigenetic 
changes) or phenotypic plasticity (induced by exposure to harsh conditions). The brief 
timespan of the toads’ colonization of northwestern Australia (decades only) suggests that 
plasticity is more plausible; but a host of studies on the same species have shown a 
complex mix of heritability and plasticity underlying other geographically-divergent traits 
(e.g., Brown et al., 2014, 2015; Gruber et al., 2017; Hudson et al., 2018). Although 
mechanisms remain unknown, the capacity of cane toads in hot dry climates to retard 
heating rates, even if they have no access to water, may well have contributed to the 
remarkable success of this invasive anuran in the harsh climatic conditions of the 
Australian outback. 
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